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Abstract
Opaque fluids have a limited irradiation transmission. Thus, their decontamination
employing near UV irradiation poses significant technical challenges. In the present study, a
thin UV-transparent/waterproof glue layer coated with a 1.5 wt% of TiO 2 and a new
PhotoReactor Cell were implemented. TiO2 irradiation in the PhotoReactor Cell was effected
on the TiO2 particle side, not directly in contact with the fluid, allowing the postulation of an
“h+” site mobility mechanism on photocatalysis.
Photocatalytic degradation experiments with malic and malonic acid in water at 10, 20, 30
and 40 ppm showed the complete degradation of malic acid after 5 to 8 hours. Its minimum
concentration was reached with the maximum concentration of malonic acid formed. Mass
transfer effects and photolysis were found to be negligible in this setup. Macroscopic balance
measurements showed that 92% of the irradiation was absorbed by the TiO2-film and
quantum yields as high as 14.2-17.4% were obtained.
The “Series-Parallel” kinetic mechanism was found to better predict the photocatalytic
degradation of malic acid. It was found that the sensory attributes of apple juice were
preserved with irradiation times being limit to 1 hour of exposure time. This time was proved
by some authors to be sufficient to promote the 5-log CFU/ml microbial reduction, required
by the FDA (21CFR120.24, 2012).

Keywords
photocatalysis, TiO2-film, back-face irradiation, malic acid, malonic acid, kinetic modeling,
Langmuir-Hinshelwood, quantum yield, apple juice, sensory attributes.
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Chapter 1

1

Introduction

Opaque fluids or “non translucent” fluids, covers the broad area of fluids where there is
limited transmission of light or/and irradiation. A possible definition of an opaque fluid is
a fluid impenetrable by light; neither transparent nor translucent.
Decontamination of “opaque fluids” poses an important challenge to decontamination
processes. The bulk of these fluids cannot be effectively irradiated and as result new
approaches such as thin TiO2 films are needed for the application of photocatalysis.
More specifically, concerns about the environment and about new regulations related to
food, such as the ones from U. S. Food and Drug Administration (FDA), have driven
researchers to test different methods for the conversion of organic contaminants in
opaque fluids such as is the case of the ones contained in fruit juices and waste water.
Although there are many organic molecules in common between fruit juice media and
wastewater, differing techniques have been used for their decontamination. Energy
conservation needs have challenged researchers to look for new energy-efficient and
cost-effective techniques. Opaque fluids such as fruit juice are mainly composed of
organic acids. Carboxylic acids are defined as organic acids with at least one carboxyl
group (RCOOH). This group is formed by malic acid, maleic acid, malonic acid, fumaric
acid, oxalic acid, citric acid and acetic acid, among others. Small carboxylic acids are
soluble in water and their solubility decreases with the increase of the carbon chain.
These chemical species are classified as weak acids and are frequently formed as
intermediates from the incomplete organic species degradation (Franch et al., 2004).
Although, organic acids do not appear as hazardous compounds, their study is extremely
important to understand how the degradation methods influence the main chemical
composition of opaque fluids media such as apple juice.
Despite all the existent methods for the decontamination of opaque fluids, they can be
classified in two groups: i) Thermal Methods and ii) Non-thermal Methods. Thermal
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techniques, such as pasteurization, are the most common methods applied in food
processing and are well-established given that they achieve the 5-log CFU/ml
microorganism reduction recommended by the FDA.
However, non-thermal techniques have currently gained special interest due to consumer
demand for the preservation of sensory qualities of the juice (Caminiti et al., 2011). Many
researchers have investigated the viability of non-thermal methods and compared them
with thermal Pasteurization. Non-thermal techniques include: (a) UV-light Treatment, (b)
High Intensity Ultrasound (US), (c) Radio Frequency Electric Field (PEF), and (d) High
Intensity Light Pulses (HILP), among others. These methods have been studied for the
inactivation of pathogenic microorganisms such as Escherichia coli K-12 and Salmonella.
Their results appear to be very promising, showing that new alternatives can be
successfully applied for opaque fluid decontamination without changing the sensorial
characteristics.
According to the FDA Regulations (21 CFR 179.39), the UV treatment approved since
2000 can be used as a pathogen reducer in juice. The specific conditions of application
include: (a) turbulent flow (Re>2200), (b) low pressure of mercury lamps (90% of the
emissions) and (c) a wavelength of 253.7 nanometers.
Unlike opaque fluids, wastewater involves a three step process for decontamination. The
primary water treatment step consists of the removal of heavy solid material from the
fluid. The secondary step aims to remove biological material. And the tertiary step,
normally involving a physical or chemical process, has the objective of removing organic
or inorganic compounds. These chemical species can be classified as contaminants and
are hazardous chemicals in drinking water.
Separation techniques, such as: (a) Activation carbon adsorption, (c) Ion exchange on
adsorbent surfaces, and (c) Ozonisation, among others, are widespread techniques applied
in the tertiary step. However, these techniques have the disadvantage of generating
undesirable species or transferring hazardous species from one phase to another during
water treatment. They may also present high costs.
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Recently, among the techniques for water treatment, the photocatalytic degradation
process has been gaining importance in wastewater decontamination due to its: (a) low
cost, (b) moderate temperature, (c) pressure requirements, (d) complete mineralization
and (e) residue-free reaction (Bhatkhande et al., 2001).
Photocatalysis, using TiO2 as a catalyst, is a well-known process for the degradation of
pollutants in water treatment. A catalyst reaction (Herrmann et al., 1999) starts when the
semiconductor catalyst is irradiated by a light source with a wavelength range smaller
than 400nm (optimum 365 nm) and with a higher energy than the energy of the band gap.
The light is absorbed by the catalyst creating electron-hole pairs. The holes react with
water, producing OH radical and the electrons react with the dissolved O2 producing
oxidant species. Both holes and electrons react by degrading the organic molecules
present in the solution into CO2 and H2O.
Photocatalyst reactions can be performed with the catalyst in suspension or immobilized
on a thin film or a mesh. Although a photocatalyst in suspension is the most general form
employed for the photocatalyst process, it appears to have important problems. The most
significant one is the filtration requirement to remove the catalyst at the end of the
reaction. On the other hand, the use of photocatalyst films has the benefit of not requiring
the water effluent to be filtered, introducing significant cost and time savings in industrial
scale processes.
Different methods for the preparation of photocatalyst films have been developed on
surfaces like glass, quartz, stainless steel (Fernandez et al., 1995) and optical fibers
(Danion et al., 2007). Their preparation includes different processes such as the
immersion of a support in titanium mixtures, drying, and calcination, among others
(Sumin et al., 2011; Danion et al., 2007; Choi et al., 2006; Song et al., 2001; Herrmann et
al., 1999; Herrmann et al., 1997). These methods are time consuming and costly in terms
of material and equipment. Thus, new techniques for photocatalyst immobilization at a
low cost may be of great importance for the photodegradation of organic acids in water
and subsequent application in opaque fluids.
Regarding the present investigation, a first approach was the study of the photocatalytic
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degradation of organic compounds in apple juice using a very efficient Photo-CRECWater II slurry reactor. Since the experiments showed that opaque fluids absorb a great
amount of light competing with the photocatalyst, it was necessary to develop an
alternative approach to immobilize the photocatalyst, placing it under good near UV-light
source irradiation.
Thus, a photocatalyst layer was prepared using an UV-transparent/waterproof glue and a
TiO2 1.5 wt% solution in water, coated in a quartz slide. The apparatus was set placing
the near UV-Light source strategically outside the photoreactor cell system to guarantee
modest direct irradiation of the water solution containing the organic species and a high
degree of absorbed photons on the TiO2 layer. It was envisioned that in this way, only the
mobile charges on the TiO2 layer (solution side) would be able to contribute to
photoconversion.
The photocatalyst film was analyzed using a Scanning Electron Microscope (SEM) and it
showed the presence of TiO2 on the surface of the film through an Energy-Dispersive XRay Spectroscopy (EDX) analysis.
The chemical species chosen for the degradation tests were malic acid and malonic acid
dissolved in water. Malic acid is the main organic acid found in apple juice, and malonic
acid is the main intermediate of malic acid photodegradation.
Regarding the results obtained in the present research project, they establish a first
approach to describe malic acid and malonic acid degradation using a TiO2 thin film
under near UV-light. One should mention that the immobilized TiO2 is not directly
irradiated and only the mobile sites on the semiconductor non-irradiated surfaces are able
to contribute to the photoconversion. It is our belief that this data are extremely
important, not only to describe photodegradation of organic acids in opaque fluids media,
but also to better understand the mechanism of photocatalysis.
Furthermore, the proposed research allows one to establish and “irradiation window” for
microbial decontamination, which is the time allowed for microbial decontamination
without affecting the key chemical species in order to provide a fruit juice whose special
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sensorial properties are essentially intact.
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Chapter 2

2

Scope of the Research

The main objective of the present MESc thesis is to prepare a cost-effective thin film of
TiO2 and to demonstrate its performance using the photodegradation of malic and
malonic acid in water under near UV-Light.
It is also the goal of the present study to be able to elucidate the photodegradation
mechanism using an “indirect” thin film irradiation. To achieve these goals, the following
methods are proposed:
a.

SEM and EDX analysis to characterize the prepared TiO2 films.

b.

Photocatalysis reactivity tests using TiO2 suspensions and TiO2 films.

c.

Photodegradation of malic acid and malonic acid in water solutions under near

UV-irradiation.
d.

Radiation measurements to establish macroscopic balances calculating the rate of

photons absorption on TiO2 films.
e.

Calculation of quantum efficiencies on “indirectly” irradiated TiO2 thin films to

gain knowledge on the potential mobility of the “h+” sites.
f.

Establishment of the limits for photocatalytic irradiation time (irradiation

window) allowing microbial inactivation with the preservation of fruit juice sensory
properties. This irradiation time limit is going to be assessed under conditions leading to
minimum photoconversion of malic acid (AIJN 6.3 Reference Guide Apple – Revision
May 2011).
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Chapter 3

3

Literature Review

The objective of this chapter is to review the current methods for degradation of organic
compounds in opaque fluids and wastewater media.
Regarding opaque fluids decontamination, the available methods can be divided into
thermal and non-thermal techniques, with decontamination being mainly addressed to
pathogens such as E. coli and Salmonella.
For water treatment, among all methods available, TiO 2 photocatalysis appears as a most
promising one. In this respect, TiO2 have been tested in different systems including TiO 2
in suspension, TiO2 loaded with various additives in suspension and TiO2 in thin films.
The advantages, disadvantages and relevant conclusions for the applicability of these
methods in the context of opaque fluids such as fruit juices, are discussed in the
upcoming sections.

3.1 Current Methods for Opaque Fluid Disinfection
In order to meet the demand for “fresh” foods, a significant body of research has led to
the establishment of mildly treated food processes using non-thermal methods (Butz et
al., 2002). These new methods allow for the preservation of flavours, integral nutrients
and vitamins with few or no changes to their make-up. It is expected that non-thermal
treatment deactivate unwanted enzymes and micro-organisms while keeping the integrity
of the food’s nutritional and sensory attributes, which are often lost with the application
of thermal treatment. The following sections in this chapter will be devoted to the
discussion of ground-breaking methods in food preservation, such as Thermal
Pasteurization, UV-Light/Pulsed Light, Pulsed Electric Field (PEF) and Oscillating
Magnetic Field (OMF).
The most common way of inactivation of micro-organisms in apple juice is by submitting
the juice with HTST (High Temperature Short Time) Pasteurization. Using this method,
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the juice is circulated through a plate heat exchanger with the temperature being in 76.6
and 87.7oC range and retention times between 25 and 30s (Moyer and Aitken, 1980). One
should note that although the 5-log CFU/ml microorganism’s reduction recommended by
the Food and Drug Administration (Code of Federal Regulations, 21CFR120.24, 2012) is
achieved applying Thermal Pasteurization, the use of heat causes a change in the taste,
flavour and degradation of some key chemical compounds such as phenolic compounds
(Aguilar-Rosas et al., 2007) and vitamins (Qin et al., 1995) in fruit juices such as apple
juice.
UV-Light treatment is a well-known technique employed for the disinfection of fruit
juice due to its capacity to accomplish the 5-log CFU/ml microorganism reduction
without promoting significant change in the sensorial and physical-chemical
characteristics of the juice (Hanes et al., 2002). According to Hanes et al., 2002,
semitransparent juice such as apple juice absorbs UV-light at 253.7 nm and only a small
amount of the light emitted reaches both organic molecules and microorganisms (Bolton
and Linden, 2003).
Due to the low penetration of light in these fluids, UV systems are usually designed with
the fluid injected as a thin film (Duffy et al., 2000; Hanes et al., 2000; Basaran et al.,
2004). Duffy et al., 2000, proved the effectiveness of the 5-log CFU/ml reduction of E.
coli using a thin film system with 10-UV lamps and laminar flow. Another important
factor for the use of the UV-Light as a preservation treatment for juice, according to the
FDA U.S., is that the flow rate of the fluid plays an important role in the microorganism
reduction and consequently a turbulent flow is needed for effective use of UV-Light for
fruit juice disinfection (21CFR120.24, 2012).
Food can also be non-thermally treated applying a Pulsed Electric Field (PEF).
Preliminary studies with PEF were performed by Fetteman et al. in 1928, as reported by
Butz et al., 2002. PEF consists on subjecting a fluid to pulses of high voltage (20-80
kV/cm) in diverse forms such as: (a) an exponentially decaying wave, (b) a square wave,
(c) a bipolar wave, among others, between two electrodes, for a period of time less than 1
second at room temperature or slightly above room temperature. The high voltage applied
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promotes an electric field which is responsible for the microbial reduction. BarbosaCanovas et al., 1998 and Evrendilek et al., 2000 showed that PEF employed in apple
juice promoted a 5-log CFU/ml microorganism reduction without significantly changes in
its physical-chemical characteristics such as sensory properties, pH and vitamin C
content. Butz et al., 2002, mention that there are some important factors while using PEF
such as: (a) pulse width, (b) wave shape, (c) pulse intensity, (d) microorganism
concentration and (e) pH, among others. These factors can affect the microbiological
reduction and should be taken in account when choosing a method for microbiological
reduction in juices.
Furthermore, according to Butz et al., 2002, although there are two industrial-scale PEF
setups operating presently, differences between the lab and industrial scales make kinetic
of the microorganisms reduction quite unreliable.
Oscillating magnetic fields (OMF) and Ultrasound (US) are also non-thermal methods
used for the preservation of fruit juice. The OMF method consists of placing the fluid
inside of a plastic bag, and treating it with 1-100 pulses for 25-100 ms at a temperature
range of 0-50 ºC (Pothakamury et al., 1993). However, there is still controversy about the
actual efficiency of OMF, for decreasing microorganism levels in foods (Tsuchiya et al.,
1996).
Ultrasound (US) is a cyclic sound of approximately 20,000 Hz. Its application promotes
juice preservation. This is caused by intracellular cavitation in the juice accompanied by
temperature and pressure increase (Rahman et al., 1999). According to Raso et al., 1998,
and Butz et al., 2002, the US method does not promote enough microbiological reduction
for meeting food and safety requirements. Its use is thus, preferred as a complement to
another preservation method.

3.1.1 Studies Using HTST, PEF and UV Methods for Opaque Fluids
Disinfection
Aguilar-Rosas et al., 2007, have reported the difference between HTST and PEF methods
through the comparison of the pH effects and the amount of E. coli remaining in apple
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juice samples after filtration. The Pasteurization was tested with temperatures of 73, 80
and 83ºC and a holding time of 27s. For PEF, a Bench Scale OSU 4-H Pulsed Electric
Field Processor Model was used, with electric fields of 12, 24 and 36 kV cm-1 and
replication rates of 400, 600 and 800 pps, respectively. It was observed that the pH varied
between 3.8 and 3.9 for both methods only. In terms of total phenol compounds, the
reduction was greater when applying HTST (32.2%) than when using PEF (14.49%).
This data agrees with the observations made by Gardner et al., 2000. However, the
volatile compounds resulting from both methods affect the sensorial properties of the
apple juice (Aguilar-Rosas et al., 2007). In particular, a considerable change of these
properties using the HTST treatment method (see Table 3.1) can be observed.
Table 3.1: Comparison of Volatile Compound Losses Applying both Methods, PEF
and HTST (Aguilar-Rosas et al., 2007)
Loss Percentage
Compound

Pulsed Electric Field

High temperature-short time

(PEF)

(HTST)

39.792  20.84

100

Hexanal

7.042  9.32

62.348  5.35

Butyl Hexanoate

18.108  7.72

36.273  24.86

Ethyl acetate

77.458  29.23

67.126  39.33

Ethyl butyrate

60.190  17.80

88.398  12.46

Methyl butyrate

30.081  31.37

51.200  19.56

Hexyl acetate

8.408  16.12

22.910  21.99

1-Hexanal

14.101  7.65

69.307  5.62

Acetic Acid

The effects of HSTS and PEF treatment on the pH, colour and inactivation of Escherichia
coli in apple juice were also investigated by Charles-Rodriguez et al., 2007. According to
this author, when the Pasteurization (HSTS) is applied, the value of pH varies from 3.75
(at 25oC) to 4.0 (85oC). This is different from the results obtained by Aguilar-Rosas et al.,
2007. In later case, the increasing pH value can be explained as the result of organic acids
evaporation, reducing the acidity on the juice. This pH increase could also have a
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negative effect on the apple juice life, due to the fact that higher pH media increases
enzyme activity and yeasts growth. Regarding colour changes, after Thermal
Pasteurization, there were not any which were significant.
On the other hand, neither pH nor colour varied during the PEF treatment, using electrical
field strength equal to 36 kV cm-1. In regards to microbial inactivation, PEF treatment
was also efficient, showing a 6-log CFU/ml reduction using optimum electrical field
strength of 36 kV cm-1 and maximum pulse frequency of 800 pps.
Noci et al., 2008, studied the difference between: (a) Thermal Treatment (HTST), (b)
Ultraviolet Irradiation (UV), (c) Pulsed Electric Field (PEF) and (d) their combinations
(UV+PEF and PEF+UV) in order to preserve the organoleptic properties and to reduce
the microbiological contamination in fresh apple juice. While using the two Thermal
Treatments, the temperature was set at 72ºC (T1) and 94ºC (T2), and the holding time was
26 seconds. For the UV method, the juice was exposed to a UV-Light output power of 30
W for 30 min under laminar flow. For the PEF treatment, monopolar square-wave pulses
of 1 s width and 15 Hz frequency, flow rate of 15.75 ml/min and a residence time of
6.67 s were used. The results obtained for the pH, the Brix and the enzyme activity did
not show significant changes. These results agree with the ones found by Aguillar-Rosas
et al., 2007. In their studies, a microbial change in the apple juice with a greater than 5log CFU/ml pathogen reduction was observed with Thermal treatment (T1 and T2), UV,
PEF, PEF+UV and UV+PEF.
Figure 3.1 reports a fresh apple juice with an initial microbial flora of 10 9 CFU/ml (48
hours incubated) displaying the greatest reduction (7.1 log CFU/ml) under Ultraviolet
Light treatment combined with Pulsed Electric Field (UV+PEF).
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Microbial log-reduction in apple juice versus
Pasteurization Treatments
Microbial log-reduction
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Figure 3.1: Log-Reduction of Pathogens in Apple Juice after it is submitted to
Different Pasteurization Treatments (Noci et al., 2008)
Caminiti et al., 2011, studied the effect of combining Ultrasound (US) and UV-Light
(UV) with High Intensity Light Pulses (HILP). Sensory properties such as juice
appearance, odour, flavour, sweetness, acidity and overall acceptability of a blend of
cranberry and apple juice were analyzed. The HIPL system was composed by a Xenon
flash lamp with a total energy dosage of 3.3 J/cm2 positioned at 1.9 cm from two quartz
tubes where the juice was pumped with a 20.8 ml/min flow rate. Obtained results showed
no significant change in pH, Brix and colour for the juice treated with the UV and HILP
combined. However, when these two methods were combined with US, a noticeable
change in flavour and odour was observed. The change in the fluid colour using
sonication treatment (US) had been proved by Cheng et al., 2007 and Tiwari et al., 2008,
using orange juice. Regarding the evaluation of overall juice acceptability (Caminiti et
al., 2011), UV+PEF combined appeared to provide a method (score 5.8) yielding better
results than Thermal Pasteurization.
Koutchma et al., 2004, investigated the efficacy of UV-Light for 5-log CFU/ml reduction
of E. coli K-12 using laminar and turbulent flow. The effects of absorbance and turbidity
were studied in a locally purchased pasteurized apple juice and compared to different
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solutions of caramel in malate buffer. The laminar flow experiment used reactor volume
of 0.217 L, flow rates of 56.8, 110.3 and 165.7 ml/s, mean residence times of 3.82, 1.97
and 1.31 s and a UV lamp output power of 312 W (8 x 39W). The turbulent flow was
generated in a reactor volume of 14.72 L, with a flow rate of 250-1300 ml/s, a mean
residence time of 60s and a UV lamp output power of 504 W (12 x 42W). These studies
showed that the inactivation of E. coli in turbulent flows follow a linear first order
kinetics and a 5-log CFU/ml reduction of E. coli in apple juice when passing the fluid
seven times through the reactor. On the other hand, laminar flows present a non-linear
kinetic for microorganisms inactivation making the reduction calculation insufficient to
accomplish the safety requirements.
Thus, given the above described technical literature, one can notice the limitations of the
various methods discussed such as: i) the HST treatment alters volatile compounds
responsible for the sensorial characteristics of the juice, ii) the PEF offers challenges in
the scale up, iii) the PEF has to be combined with US to achieve the 5-log CFU/ml
microbial reduction, iv) the application of UV-Light involves complex degradation
kinetics when the juice is treated in units with laminar flows.
As a result, one can see the need of new methods for degradation of microorganisms in
fruit juice. In this respect, one can notice that advanced oxidation methods, have been
successful for the degradation of organic pollutants in water and appear to be a very good
alternative for organic acids degradation in opaque fluids.

3.2 Photocatalytic Oxidation Process
Advanced oxidation methods such as Photocatalysis (Sobczynski et al., 2001) were
originally developed for the hydrogen production from water. However, photocatalysts
display a high capacity to degrade organic compounds. This is the case when they are
exposed to a source of near UV-Light. These properties are important for the
photodegradation of organic pollutants in water.
Semiconductor photocatalysts (Ahmed et al., 2010 and Al-Rasheed et al., 2005), along
with a light source and an oxidizing agent such as oxygen or air, destroy organic
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pollutants during the process of photocatalytic oxidation. The precursor of this oxidation
reaction is the excitation of valance band electrons by photons with energies higher than
the band-gap energy. Once this happens, a positive hole in the valence band, along with
an electron in the conduction band are produced. This initial phase is followed by a
number of steps involving OH radicals. Furthermore, the oxygen available is reduced
with the formed electrons in the conduction band.
According to Cho et al., 2004, the major photocatalytic reaction steps are as follows:
(I)

→

(II)
(III)
(IV)
(V)
(VI)
(VII)
(VIII)
Hydroxyl radicals (OH) and reactive oxygen species (ROS) such as O2 and H2O2 play an
important role in the photoconversion of organic compounds using TiO2 catalysts (Cho et
al., 2004). Hydroxyl radicals are the primary oxidants, with oxygen acting as an electron
scavenger, preventing hole pairs to re-combinate. In addition, if electrons accumulate in
the conduction band (CB), an increase in the recombination of e - and h+ occurs. For this
reason, the accumulation of electrons in photocatalytic oxidation should be prevented.
An important factor to be considered regarding the photocatalyst surface is that an ideal
photocatalyst should be stable and should be chemically and biologically inert. It should
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be widely available at a low cost, and it should be capable of absorbing reactants under
efficient photonic activation (Sobczynski et al., 2001).
Titanium dioxide (TiO2) is the measuring stick against which emerging materials are
measured. There are two types of TiO2 catalysts available: anatase and rutile. Degussa
P25 has been extensively used for photocatalytic reactions and is composed of a mixture
of anatase and rutile. This catalyst presents band gap energy of 3.2 eV. Thus, any photon
with a wavelength smaller than 388 nm is capable of exciting the TiO2 catalyst promoting
photocatalytic degradation (de Lasa et al., 2005).
Additionally, other important issues to be considered before performing a photocatalytic
reaction is the choice of the design characteristics of the PhotoReactor such as: i) the
catalyst state, and ii) the type/position of light source (de Lasa et al., 2005). Regarding
the catalyst state, it can be either in suspension or immobilized. The suspended
photocatalyst presents degradation rates three times greater than the second (Mattews and
McEvoy, 1992). However, in the case of the suspended photocatalyst, there is a need of
particle separation at the end of the photoconversion process. Thus, immobilized TiO2 is
considered more economically viable.
Regarding the type of light source, there are two categories of sources: i) near UV lamps
and ii) solar light. In this respect, the light source in the Reactor can be disposed in three
different configurations: i) internal, ii) external and iii) distributed with an optical device
that brings irradiation from an external source and distributes it inside the reactor.
According to Friedmann et al., 2010, when choosing the light source, not only should one
consider the increase of degradation efficiency but also the commercial availability
related to the cost of the light source and the power consumption. This makes solar light
sources a good alternative for photocatalysis.
The mechanism of degradation of organic compounds in presence of TiO 2 aims to
achieve the complete photoconversion of the organic molecules in water and carbon
dioxide. However, the presence of intermediates on the catalyst surface affects the
kinetics of the photoconversion of the model organic compounds. For this reason
intermediates need to be taken into account (Friedmann et al., 2010). The number of
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intermediates and rate of decomposition depend on the chemical properties of the organic
molecule to be degraded. In the case of carboxylic acids, they are known for their high
adsorption on TiO2 surfaces mainly at a low pH (Franch et al., 2004 and Tran et al.,
2006). According to Irawaty et al., 2011, the reaction rate for the photoconversion of
malic acid under TiO2 in suspension, is influenced by intermediates formed during the
reaction. This shows the importance of studying intermediates species in order to be able
to establish the overall rate of the key organic species degradation.

3.2.1 Application of Photocatalysis for Opaque Fluid Decontamination
The photocatalytic degradation of microbial microorganisms such as E. coli in water
media using TiO2, both in suspension and immobilized, has been reported by diverse
authors (Maness et al., 1999; Bhatkhande et al., 2001, Balasubramanian et al., 2004;
Gelover et al., 2006; among others). These studies show good promise for photocatalysis
applications with a 5-log CFU/ml pathogen reduction reached in water media. Moreover,
the use of photocatalysis for organic acid photodegradation in water using TiO2
suspended and immobilized has been also reported more recently (de Lasa et al., 2005;
Fuleki et al., 1995; Chen et al., 2009; Irawaty et al., 2011; among others). In the case of
opaque fluids, catalyst films appear as an alternative to overcome the high absorption of
irradiation in these fluids. In this respect, one can envision immobilized TiO2 on various
substrates such as thin films in order to combine good microbial microorganisms’
inactivation and very limited photodegradation of malic acid and its intermediates, in
order to preserve the sensorial properties of opaque fluids.

3.2.1.1

TiO2 Photocatalysis for the Degradation of Organic

Contaminants in Water
3.2.1.1.1

Photocatalysis with TiO2 in Suspension for Microbial

Reduction
Photocatalysts are solid particles that promote reactions when irradiated with light,
without being consumed during the reaction (Bhatkhande et al., 2001). Many studies
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have been performed in this area, showing good promise of photocatalysis for water
treatment.
Robertson et al., 2005, investigated the effectiveness of photocatalysis using TiO2 in
suspension in a batch reactor for water treatment. A sample of water inoculated with
three bacterial pathogens (Escherichia coli, Salmonella enteric and Pseudomonas
aeruginosa), was exposed to three types of treatment steps: 1) Adsorption on TiO2
without irradiation; 2) Adsorption on TiO2 combined with UVA-Light (spectral output
330-450 nm, light intensity of 3.42 x 10 -5 Einstein s-1, time of irradiation 2h) and 3)
UVA-Light irradiation alone. Experiments were performed with values of pH between 5
and 8, and temperature varying from 21 to 29 ºC. Results showed a higher rate of
reduction for the method using UVA-Light irradiation of the TiO2 photocatalyst for E.
coli and Salmonella inactivation, reaching a 5-log CFU/ml reduction. For the P.
aeruginosa reduction, the method applying UVA-Light alone showed a higher rate of
microbial reduction. However, in the experiments performed with UVA-Light only, the
existence of small colony variants (SCV’s) was observed. These were described as a
colony phenotypes formed from the bacterial survivors. According to Proctor et al., 1995
and Haubler et al., 1999, SCV’s can promote the reactivation of the microorganisms. For
all these reasons, the method applying UVA-Light with TiO2 was considered more
efficient overall. Results of these studies are similar to those obtained by Rincon et al.,
2003 and 2004.
Maness et al., 1999, also investigated the effect of TiO 2 on the photodegradation of E.
coli. The experiments were developed using Degussa P25 in suspension from 0.1 to 1 mg
ml-1, 1.2 x 108 CFU/ml of E. coli K-12, two 40 W BL-lamps with Intensity 8 W m-2 and
356 nm maximum wavelength. Results showed that E. coli degradation increases with
TiO2 concentration reaching a maximum value for 1 mg/ml of TiO 2. By measuring the
formation of malondialdehyde (MDA) and the lipid peroxidation product, it was proven
that irradiated TiO2 can promote the inactivation of E. coli. It is assumed that this may be
due to E. coli cell membrane extra stresses causing the cell death. In their research,
Maness et al., 1999, proposed that photocatalytic degradation of E. coli is promoted by
reactive oxygen species (ROS) such as O2-, H2O2 and OH.
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In order to understand the degradation mechanism for microbial reduction, Cho et al.,
2004, investigated how OH radicals and reactive oxygen species (ROS) interact with E.
coli on TiO2 surfaces. Photocatalytic inactivation experiments were performed in a 60 ml
Pyrex slurry reactor with TiO2 in suspension. Parameters such as: (a) dissolved O2, (b)
TiO2 concentration, (c) light intensity, (d) temperature and (e) pH, were varied during the
experiments. The value of CT (disinfectant dosage multiplied by contact time with the
contaminant) obtained for OH radicals was 0.8 x 10-5 mg min/L. This is more than a
thousand higher than the value for well-known disinfectants such as chlorine, ozone and
chlorine dioxide (1.3 x 10 -1 mg min/L, 4.0 x 10-2 mg min/L and 8.0 x 10-2 mg min/L,
respectively). Furthermore, the results showed a good linear fit between the OH radicals
produced and the E. coli degradation under TiO2 photocatalysis (R2 equal to 0.97). This
confirms that the OH radicals are the greatest responsible species for E. coli reduction.

3.2.1.1.2

TiO2 Immobilized Photocatalysis for Microbial Reduction

As discussed before, immobilized TiO2 has been used in photodegradation of various
organic compounds in water due to its advantage of making filtration a redundant step
after the photodegradation, saving both time and cost in the industrial process.
Choi et al., 2007, investigated the use of membranes and nanostructure TiO 2 films in the
photodegradation of organic pollutants in waste water. TiO2 film with specific surface
area of 147 m2/g, 62.2 g/cm2 of catalyst and a predominant mesoporous size distribution
degraded E. coli completely after 3 hours with a 4-log CFU/ml reduction. A TiO2/Al2 O3
membrane degraded 30 M of methylene blue in 14 hours, with the formation of
creatinine as an intermediate responsible for the delay in the degradation. By analyzing
the amount of TiO2 used in both film and membrane respectively (0.0078% m/v and
0.0234% m/v), it was concluded that the catalyst film/membrane showed a high activity
and could be used for the photocatalytic degradation of organic compounds in water.
The preparation and characterization of TiO2 film on a stainless steel support was also
studied by Balasubramanian et al, 2004. The results were compared with commercial
TiO2 and sol-gel TiO2 catalyst. The experiments were performed in a quartz batch reactor
with a volume of 2.5 L and a temperature 25ºC. The reactor was continuously aerated
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with humid air and irradiated with UV-Light at a wavelength range of 300-400 nm. TiO2
immobilized on stainless steel and in suspension were used. It was observed, through the
rate constant measurements, that the catalyst photoactivity increases with the number of
coating layers for both types of catalyst films, these being: (a) conventional alkoxide sol
and (b) Degussa P25 enriched alkoxide sol. Comparing the activity of the two different
catalyst coatings, it was observed that the Degussa P25 enriched sol photocatalyst
presented higher photoactivity. This can be explained by the presence of rutile in the
Degussa P25 catalyst. Brown et al., 1989 and Wang et al., 1997, have reported that
adding rutile to the anatase catalyst increases photoactivity. Even though the rutile has a
smaller activity by itself, the increase in photoactivity of the mixture (anatase and rutile)
occurs as a result of rutile capturing the electrons formed on the anatase surface. This
stabilizes the holes in the anatase by preventing recombination.
Furthermore, once the activity of 0.5 g/L of TiO2 was considered using pure anatase and
Degussa P25. Degussa P25 (surface area 53 m2/g) showed the highest activity with the
rate constant being three times greater than anatase (surface area 320 m2/g).
The use of sol-gel TiO2 films in water disinfection using sunlight was investigated by
Gelover et al., 2006. Comparing the results of the solar water disinfection (SODIS) and
solar degradation with TiO2 films (87.5 mg of TiO2 per liter), with water having fecal
coliforms and E. coli, it was observed that water samples not exposed to the sunlight did
not show any change in their contamination level with catalyst or without photocatalyst.
However, when exposed to sunlight, the sample (3x103 MPN/100 ml) had a complete
inactivation of total coliforms after 20 minutes in the presence of a TiO2 film and after 60
minutes without TiO2. For the fecal coliforms, the sample in presence of TiO2 was
completely inactivated after 30 min. In the absence of TiO2, it provided photodegradation
from 3x103 MPN/100 ml to 100 MPN/100 ml after 80 minutes of sunlight exposure. In
both cases the experiments showed that coliforms do not grow again after the
photocatalytic disinfection, confirming the efficacy and reliability of this method for
water disinfection.
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The use of immobilized nanoparticle TiO2 films to photoconvert E. coli was investigated
by Dheaya et al., 2009. This study was performed with water samples containing
different organic and inorganic compounds. Degradation rate of 2x103 CFU/ml of E. coli,
with TiO2 Degussa P25 was obtained. The UV-Light (maximum at 370 nm) was placed
at the bottom of the reactor and the TiO2 layer was irradiated through the layer face not in
direct contact with the fluid. The results showed a zero order kinetic for E. coli
inactivation in water using an optimum catalyst loading of 0.5 mg/cm2. The change in pH
did not affect the E. coli degradation rate. However, the presence of organic and
inorganic species in surface water made the microbial reaction rate slower than its
reaction using distilled water.

3.2.1.2

Photocatalytic Degradation of Carboxylic Acids (Malic and

Malonic Acid) in Water
3.2.1.2.1

Photocatalysis

with TiO2 in Suspension and TiO2

Composites in Suspension
As reported before, photocatalysis appears to be a good alternative for the non-thermal
treatment of apple juice aiming to reduce the microbial amount for food safety reasons.
This is accomplished while keeping the key compounds that are responsible for the
authenticity of the juice. In this way, and due to the fact that organic acids are present in a
significant amount in fruit juice, their identification and rate of photoconversion are
critical (Fuleki et al., 1995).
Malic acid is the main organic acid found in apple juice and its minimum concentration
required for the market commercialization is 3.0 g/L (AIJN 6.3 Reference Guide Apple Revision May 2011). Thus, the study of malic acid photoconversion under TiO 2
photocatalysis is extremely important when considering the use of this method for apple
juice preservation.
The photocatalytic degradation of carboxylic acids using slurried TiO2 is quite wellknown. It features the advantage of a high surface area (50m2/g) which confers a high
photocatalytic activity. However, it presents some disadvantages (Gelover et al., 2006)
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such as: (a) particle agglomeration when working with high photocatalyst concentrations,
(b) difficulties with particle recovery once photoreaction is complete, (c) low efficiency
of the process due to the light scattering afar from the lamp source.
The mechanism of the photocatalytic degradation of malic acid was investigated using
TiO2 in suspension (Irawaty et al., 2011). The experiments were performed at pH of
30.05. The characteristics of the intermediates and products in each step of the reaction
were noted. The results obtained display complete mineralization after 38 minutes. Figure
3.2 reports the formation of intermediate 1, malonic acid and acetic acid, with this being
the case since the very beginning of the reaction. For instance, the photodegradation of
malic acid was observed after 8 minutes, intermediate 1 and malonic were consumed
after 24 minutes. Acetic acid was removed after 36 minutes.
According to Irawaty et al., 2011, the kinetics of malic acid degradation fits the
Langmuir-Hinshelwood Model. The formation of three intermediates: intermediate 1,
malonic acid, and acetic acid, is observed. Malic acid is completely degraded after 8
minutes while malonic acid and intermediate 1 reach a maximum concentration after 4
and 9 minutes, respectively. Malonic acid starts degrading only after complete
photoconversion of malic acid. This demonstrates that although there is a competition
between these two species for catalyst surface sites, malic acid adsorption is very likely
to occur. According to these authors, organic acids absorb strongly on the TiO2 surface,
mainly at low pHs. This can be explained as a result that in acid media, these organic
acids are chemically dissociated with the photocatalyst surface being positively charged.
Furthermore, at a concentration of malic acid lower than 1x10 -3 mol/L, its photocatalytic
degradation follows a first order rate equation. In addition, it is suggested that malic and
malonic acid degradation occurs through a photo-Kolbe mechanism (molecule
decarboxylation) promoted by holes photogenerated on the catalyst surface. On the other
hand, acetic acid is weakly adsorbed on TiO2 surface and thus, its degradation is
suggested to occur by OH radicals in the bulk solution.
FTIR (Fourier Transform Infrared Spectroscopy), Zeta Potential and Dark Adsorption
analysis showed the affinity between the organic acids and the TiO 2 surfaces, as well as
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the competitive adsorption between those acids. This can explain the pathways observed
in the reaction of Figure 3.2.
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Figure 3.2: Mechanism for the Photocatalytic Degradation of Malic Acid in the
Presence of TiO2 in Suspension at pH of 3 (Irawaty et al., 2011)
Irawaty et al., 2011b, used a slurry spiral reactor for the photocatalytic degradation of
succinic acid, malic acid and tartaric acid with 0.2 g/L of TiO2 in suspension at a pH
30.05. Results were analyzed with a TOC and HPLC detectors and Zeta Potential
Analyzer. Photolysis and photodegradation without irradiation (dark conditions) were not
observed for any of the organic species. The complete mineralization of 210 mol/L of
malic acid was obtained after 38 minutes. The surface coverage was 0.41 molecules/nm2,
fitting the Langmuir-Hinshelwood mechanism as previously proposed by Chen et al.,
2009.
The zeta potential for the malic acid degradation showed just a small change from 0 to 22
minutes. After this point, a significant increasing in the zeta potential occurred due to the
removal of the intermediates and formation of ethanoic acid. Photodegradation
experiments showed that the intermediate propaneodioic acid species was present. It was
suggested that the intermediate A1 was 3-oxopropanoic acid. Thus, the degradation
pathway study considers that carboxylation starts at the position adjacent to OH group.
Chen et al., 2009, investigated photocatalytic degradation of malic, maleic, propanoic,
oxalic, succinic, propanoic and acetic acid was investigated by, using a slurry
photoreactor. Degussa P25 powder and near UV-Light source, with a maximum
wavelength in 365 nm were employed. The experimental results fit within the Langmuir-
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Hinshelwood Model (see Equations 3.1 to 3.3), with k (apparent reaction rate constant)
increasing with n (heterogeneity exponent) for species with the same number of carbon
atoms. The effect of the initial concentration of carboxylic acids showed that k augments
with the increase of the initial concentration of acetic, oxalic, malonic and propanoic
acid, while k decreases with the increase of the initial concentration of malic, tartaric and
succinic acid (Table 3.2).
Results can be explained due to malic, tartaric and propanoic acids produce more
intermediates than acetic, oxalic, malonic and propanoic acid. Thus, the effect of
competition for the active sites on the catalyst between intermediates and initial reactants
reduce the photoreaction rate. It is interesting to note that the fastest photocatalytic
degradation occurred with oxalic acid. This can be explained due to the fact that
dicarboxylic acids display two hydroxyl groups bonded to a single Ti site. This is a stable
configuration when compared to ones of the other organic acids.
The effect of catalyst dosage shows that k increases with the increase in the TiO2
concentration until it reaches a stable value (around 2 g/L). Further increases in
photocatalyst loading decrease k due to catalyst agglomeration with reduced irradiation
of photocatalyst sample. In addition, increasing light intensity from 1.38 to 2.44 mW/cm2
augments the value of k. Moreover, it is shown that k values increase at lower pHs. This
shows that H+ species have an important effect on the photocatalytic degradation of
carboxylic acids, as is claimed by Chen et al., 2009. These authors found higher
adsorption of carboxylic acids in TiO2 at low pH values. Experiments performed using a
slurry reactor in presence of TiO2 Degussa P25 can be used in the study of the kinetic
degradation of pollutants in water applying the Langmuir-Freundlich-Hinshelwood
Model (Chen et al., 2009).
(3.1)
(3.2)

(3.3)
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Where k is the apparent kinetic constant,  is the surface coverage factor, C is the organic
compound concentration, K is the adsorption constant and n is the heterogeneity
exponent (catalyst adsorption capacity).
Table 3.2: Rate Constant for Aliphatic Carboxylic Acids (Chen et al., 2009)
Carboxylic Acids

Rate constant equation

Acetic acid

k = 1.10 x 10-3 + 1.13 x 10-5 C0

Oxalic acid

k = 1.17 x 10-3 + 1.24 x 10-5 C0

Propanoic acid

k = 1.01 x 10-4 + 5.83 x 10-6 C0

Malonic acid

k = 4.93 x 10-3 + 4.12 x 10-5 C0

Succinic acid

k = 0.27 + 1.12 x 10-2 C0

Malic acid

k = 1.00 C0-0.36

Tartaric acid

k = 0.51 C0-0.05

Another approach to improve the rate of photocatalytic degradation of organic acids in
water is to use some chemical species such as Fe (III). These iron cation when in contact
with TiO2, form chemical complexes, increasing the photoactivity of the catalyst (Balzani
et al., 1970). The photocatalytic degradation of malic acid and malonic acid in the
presence of Fe2(SO4)3 and FeCl3 (Franch et al., 2004) was studied.
TOC measurements showed that the same intermediates are formed in the two different
Fe(III) solutions. For the Fe2(SO4)3, the main intermediate for the malic acid degradation
was found to be malonic acid. It was formed as a result of the decarboxylation at the
position  (first carbon adjacent to the C=O) and with the addition of oxygen to the
carbon containing radicals. Traces of tartaric acid, glyoxylic acid, formic acid and acetic
acid were also observed as intermediates.
In the presence of FeCl3, glyoxylic acid appears in a higher concentration at the
beginning of the reaction and this when compared with the photoreaction using
Fe2(SO4)3. After 120 minutes, glyoxylic acid disappears and the formation and
consumption of malonic acid is slower than when using Fe2(SO4)3. The proposed
mechanism for malic acid degradation is explained in the Figure 3.3.
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Figure 3.3: The Routes for the Photocatalytic Degradation of Malic Acid in the
Presence of Fe(III) under UV-Light Source (Franch et al., 2004)
For the degradation of malonic acid (Franch et al., 2004), the two intermediates found
were formic acid and acetic acid, with the latter being very stable and responsible for the
low decline in the TOC values.
The proposed mechanism for malonic acid degradation is shown below:
Fe(III) – O2CCH2CO2-  -O2C – CH2 + CO2 + Fe(III)

(3.4)

O2C – CH2 + RH  -O2C – CH3 + R

(3.5)

O2C – CH2 + O2  -O2C – CH2O2

(3.6)

O2C – CH2O2    HCO2H

(3.7)

-

-

-

Overall, since Fe(III) solutions are found in natural waters, understanding how these
species affect the photocatalytic degradation of organic compounds is important.
According to Franch et al., 2004, reactions followed a zero-order kinetics with the values
of the rate constants being a function of the Fe(III) salt solution used. These finds provide
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evidence that the organic acids can be very reactive with this being a function of the
Fe(III) salt solutions used.

3.2.1.2.2

TiO2 Immobilized Photocatalysis

As discussed before, the popularity of the use of immobilized photocatalysts and in
particular photocatalyst thin films has increased recently for the degradation of organic
compounds in water solutions. These applications appear to be important alternatives for
industrial processes given that there is no filtration step required (Watanabe et al., 1999
and Zeman et al., 2003).
Thin film applications were demonstrated with the photoconversion of malic acid (50
mg/L) using a 220 ml volume reactor housing 57 optical fibers. Fibers were coated with
five layers of TiO2. A 340 nm cut-off filter was used to prevent the photochemical
reaction of malic acid (Danion et al., 2007). The degradation of malic acid and the
formation of intermediates were measured using HPLC with a UV detector as well as by
utilizing Total Organic Carbon analysis. Results showed that the adsorption of malic acid
on TiO2 during the initial period without irradiation was reached in one hour and the
amount adsorbed was 4%. Regarding the degradation kinetics under UV-light
(wavelength of 340nm), it was observed to be of first order. Experiments showed that
five intermediate species (tartaric acid, maleic acid, pyruvic acid, malonic acid and
fumaric acid) were formed during photodegradation. Malonic acid appeared to be the
main intermediate displaying a predominant photo-Kolbe mechanism. Overall, the
photoreaction showed a 21% reduction of total organic carbon (TOC) with 3%
representing various intermediate species. The photonic efficiency based on the photons
irradiated from the source was assessed at 6.0%, with this being higher than the one of
conventional slurry reactors (2.8%).
Herrmann et al., 1999, performed malic acid photodegradation experiments in two
reactors: (a) a Batch Reactor Laboratory Scale irradiated by an external high pressure
mercury lamp of 125 W and, (b) a Slurry Solar Reactor unit. Experiments were
performed using powered TiO2 and immobilized TiO2 supported on quartz, glass and
steel.
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In the smaller batch laboratory reactor, a solution of 500 ppm of malic acid was treated
under three different conditions: i) No loaded TiO2 which resulted in a negligible malic
acid concentration reduction, ii) TiO2 loaded without irradiation (dark conditions) which
resulted in a 10% malic acid concentration decrease, iii) TiO2 and UV-light ( = 290nm)
which resulted in a complete malic acid degradation after 90 minutes. Photodegradation
kinetics appears to follow a Langmuir-Hinshelwood rate. Among the 15 intermediates
found during the experiments while having TiO2 under irradiation, the main observed
intermediate species was 3-oxopropanoic acid (malonaldehydic acid). It suggests a
mechanism of photo-Kolbe reaction (abstraction of a molecule of CO2) by an h+ specie
on the carboxylic group adjacent to C-OH ( position). Posterior H abstraction on the 
position by an OH promotes the formation of the 3-oxopropanoic acid.
In the solar irradiated large reactor, the degradation of 500 ppm of malic acid happened
after a residence time of 120 min and appeared to occur as a zero order reaction
Langmuir-Hinshelwood mechanism. However, the TOC reduction required a longer time
(270 min). This was the case when compared to the malic acid degradation due to the
presence of intermediates in the solution. Regarding intermediates, they were the same
type found in the small scale reactor but in smaller quantities. This demonstrates that
faster reaction can be expected in a solar irradiated unit.
Regarding the supported photocatalyst, it was deposited on quartz displaying a higher
degree of crystalline phase than those prepared on glass. Furthermore, a faster
degradation of malic acid was found in 1 hour versus the 3 hours required for TiO2/glass
and TiO2/steel.
The kinetic constants for the various supports were: 4.73 x 102 g.h-1 for TiO2/glass, 1.29 x
102 g.h-1 for TiO2/steel, 3.74 x 103 g.h-1 for TiO2/quartz and 2.43 x 103 g.h-1 for TiO2
Degussa P25 in suspension. This shows that the TiO2/quartz layer can provide a kinetic
constant of one order of magnitude higher than the other two types of immobilized
catalyst. The Figure 3.4 reports the main pathway for the malic acid degradation.
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Figure 3.4: Main Reaction Pathway for Malic Acid Degradation under TiO2 at 290
nm (Herrmann et al., 1999)
Fernandez et al., 1995, tested dip coated TiO2 on glass and quartz as well as
electrophoretic deposition of TiO2 on a metallic support in malic acid photocatalytic
degradation. The XPS photoelectron graphs showed the presence of Na and Si (9 to 12
atom-%) in the layers prepared on glass due to the diffusion of these ions during the
calcination at 673K. In addition, UV-visible absorption spectra showed that the samples
are only partially transparent with some specular and diffuse reflectance. Regarding malic
acid adsorption, it can be noted that a similar extent of adsorption for the three supports
occurred with the complete photocatalytic degradation being faster using a quartz support
(1 hour) than a steel (3 hours) support. Malic acid photolysis was considerably reduced
using the photocatalyst layer, which acted as a radiation filter.

29

On the other hand, the photocatalytic degradation followed a Langmuir-Hinshelwood
Mechanism. Due to the small concentration of malic acid studied (50 ppm), the reaction
could be approximated using an apparent first order reaction as follows:
(3.8)

with k being the intrinsic rate constant and K the adsorption constant
Since the initial concentration is very small, KC can be neglected and the rate equation
becomes:
(3.9)
Regarding the better activity of the catalyst on quartz, when compared to the other
supports, it was explained that this was due to the interaction between TiO2 with the
supports during photocatalyst layer preparation. The heat treatment may cause migration
of the Na+ and Si4+ cations from the glass as shown with XPS analysis and the movement
of Fe3+ and Cr3+ from stainless steel as proven with EDX. These phenomena caused
inhibition of the TiO2 activity on these two supports. Quartz, on the other hand is a very
stable support under the influence of heat with the various side effects described above
being circumvented.
A cylindrical photoreactor (Herrmann et al., 1997) open to the air and with quartz (Q)
plates supporting the catalyst (TiO2/Q and Ag-TiO2/Q) in a vertical position from the
light source was used to study the photodegradation of malic acid at 50 ppm
concentrations. Results of the mineralization reaction (COOH-CHOH + 3O2  4CO2 +
3H2O) were analyzed by HPLC and compared to the performance of a slurry reactor
using TiO2 in a powder form. The analysis of both catalysts showed that Ag-TiO2/Q film
is more transparent and smoother than TiO2/Q, which appears partially opaque. Values of
total surface area of the catalyst exposed in the TiO2/Q and Ag-TiO2/Q films were
estimated. This was done by first calculating the ratio of moles adsorbed by TiO2/Q and
Ag-TiO2/Q films and by multiplying this value by the total surface area of 5 mg of the
TiO2 in powder (0.25 m2). Moreover, the photoconversion rates observed show that malic
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acid is completely degraded in 30 to 60 min and that the kinetic constants values follow
this order: Ag-TiO2/Q  TiO2/Q < Ag-TiO2/Q (h) < TiO2 (powder). The degradation of
both catalysts follows a Langmuir-Hinshelwood model with an apparent first order rate
equation. It appears that the presence of Ag ions prevent electron-hole recombination
given that Ag+ attracts electrons.
Sarantopoulos et al., 2009, investigated the preparation of catalyst films on flat glass and
micro-fibber plates. The two films were characterized by X-ray Diffraction, Scanning
Electron Microscopy (SEM), and BET method. Following this step, the two films were
used to study the photodegradation of malic acid. The morphology of the layer was
shown to depend on both, the preparation temperature and layer thickness. For a
thickness smaller than 400 nm and temperature of 400ºC, the catalyst layer has a
columnar morphology (crystals grow in the vertical direction upwards). Comparing the
catalyst layer on flat glass and micro-fiber plates with a similar thickness, it was observed
that the void fraction and the specific surface area was the highest for flat glass: 50% and
17 m2/g.
Photocatalytic activity was shown to depend on plate geometry. For instance, it was
observed that for a catalyst layer prepared at 400ºC, the malic acid degradation rate
increases with the thickness of up to 750 nm at which point it stabilizes given this
increase. A thicker layer causes the irradiation penetration to diminish.
Malonic acid degradation was investigated in a small flow-through cell with a TiO2 film
deposited in a Germanium Internal Reflection Element (IRE), presenting a high refractive
index, and with an ATR-IR Spectroscopy detector attached to the system (Dolamic et al.,
2006). The reactant was circulated through the catalyst layer at a flow rate of 0.2 ml/min.
The Absorbance Spectrum versus wavelength shows that when the cell is irradiated, the
malonic acid coverage on the TiO2 layer decreases: the band at 1350 cm-1 is negative
while the bands at 1690 cm-1 and 1708 cm-1 are positive. This allows speculating the
formation of chemical species. Species formed at 1708 cm-1 do not contain hydrogen,
showing the oxalate structure. On the other hand, two bands were observed in the 1700
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cm-1 range and were assigned to two C=O groups indicating a symmetrical adsorption of
the malonic acid regarding the C=O position on the TiO2 surface.
According to Dolamic et al., 2006, the mechanism for the degradation of malonic acid
starts with a photo-Kolbe reaction (abstraction of a CO2 molecule by an electron hole).
Following this, the species produced react with CO2. It is expected that these species will
help to form acetic acid. However, acetic acid is weakly adsorbed in the spectra. In
addition, radical species can also react with O2 forming oxalic acid, which is observed in
the Attenuated Total Reflected Infrared (ATR-IR) spectra. Oxalic acid is observed in
small amounts in the water phase with larger amount of oxalic acid remaining on the
catalyst surface. Another possible pathway is the h+ reacting with oxalate (-OOC-COO-)
adsorbed on the TiO2 surface producing CO2 and CO2-.
Guo et al., 2002, investigated the photochemical behavior of different microporous
polyoxometalates

designated

as

POM’s

(H3PW12O40/SiO2,

H4SiW12O40/SiO2,

Na4W10O32/SiO2) for the degradation of hydroxyl butanedioic acid (malic acid).
Experiments were performed in a cylindrical quartz photoreactor using a mercury lamp
(125 W), a temperature of 202oC and optical path length of 2cm.
Adsorption Isotherms of the POM showed that these compounds have pores size of 0.60
nm (type I Isotherm), providing a large surface area and pore volume when combined
with a SiO2 matrix. Best photodegradation results were observed under near UV light.
Malic acid was completely photodegraded after 180 minutes using H3PW12O40/SiO2,
H4SiW12O40/SiO2 and 90 minutes using Na4W10O32/SiO2.
Malic acid degradation using POM/SiO2 showed higher rates for Na4W10O32/SiO2 than
for H3PW12O40/SiO2, H4SiW12O40/SiO2. For any of the three POM’s used, the malic acid
photodegradation displayed a Langmuir-Hinshelwood apparent first-order model.
Comparing the intermediates from POM/SiO2 and TiO2 photodegradation it was found
that they both follow a similar reaction mechanism except for the formation of heteropoly
blue, HPB (electron species produced by the POM reduction) on the POM/SiO2 surface.
This suggests that both OH and POM/SiO2 are responsible for the photocatalytic
degradation of malic acid.

32

3.3 Conclusions
Regarding the current methods for opaque fluids decontamination one can conclude from
the authors:
a.

Thermal Pasteurization (HSTS) achieves the 5-log microbial reduction required

for food safety regulations. This method has the disadvantage of causing significant
changes in the flavour, taste and key chemical species such as phenolic compounds and
vitamin C.
b.

Pulse Electric Filed (PEF) showed a similar efficiency as HSTS reaching 5-log

CFU/ml reduction. However, there is an intrinsic difficulty with the scale up of PEF to
industrial applications.
c.

Ultrasound (US) method cannot achieve a 5-log CFU/ml microbial reduction by

itself and has to be combined to other preservation methods.
d.

Ultraviolet (UV) microorganism inactivation with laminar flows leads to the

formation of small colony variants (SCV’s) limiting its use for juice disinfection.
e.

Ultraviolet (UV) degradation in turbulent flows allows achieving a 5-log CFU/ml

microbial reduction and can be used for juice preservation purposes according to U.S.
FDA Regulation (21 CFR 179).
Furthermore, regarding photocatalytic oxidation of organic acids with TiO2 in suspension
and immobilized in films, one can consider the following:
a.

UVA-Light irradiation on TiO2 suspensions provided higher rate of E. coli and

Salmonella reduction compared to UVA-Light alone, reaching 4-log CFU/ml microbial
reduction.
b.

O2 atmospheres enhance degradation of organic compounds in TiO2 suspensions,

with this being the case when compared with air. There is no degradation under N2 media.
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c.

Photodegradation rates of organic acids in TiO2 suspension increase with light

intensity, temperature and are more favourable in acid pH media.
d.

TiO2 films under UV-Light provided faster organic acid photodegradation. This is

the case when compared to UV-Light alone. In TiO2 films, catalyst photoactivity
increases with the number of coating layers.
Concerning photocatalytic degradation methods for carboxylic acid photoconversion and
microorganisms inactivation, the following can be concluded:
a.

In TiO2 suspension photocatalysis, the kinetics of malic acid degradation fit the

Langmuir-Hinshelwood Model. At low reactant concentrations, the reaction rate follows
a first order reaction with the malic and malonic acid photodegradation mechanism being
of the Photo-Kolbe type. The optimum pH to obtain the highest adsorption is a low pH.
This is due to the fact that organic acid species are in acid media lead to organic acid
dissociation with TiO2 film surface charged positively.
b.

In TiO2 films, with a multi-fiber reactor configuration, malic acid degradation is

of first order type with malonic acid being the main intermediate specie with the reported
photonic efficiency being 6.0%.
c.

In TiO2 films supported on quartz, glass and steel, both 3-oxopropanoic acid and

malonic acid appear as a main intermediate of malic acid photoconversion. The quartz
support was found to display one order of magnitude faster malic acid photodegradation
than the other two supports.
d.

In TiO2 supported on different microporous polyoxometalates composites (POM)

both OH radical and POM/SiO2 composites shared malic acid photodegradation.
According to the technical literature, there are still some important issues that should be
considered while applying photocatalysis for apple juice disinfection:
a.

Photocatalysis using TiO2 suspended is not recommended to be used for apple

juice disinfection due to the need of microfiltration at the end of the pre-treatment process
to remove the photocatalyst.
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b.

There is little technical information about TiO2 films indirectly irradiated by a

near UV-Light.
c.

There are no quantum yield calculations demonstrating photocatalysis viability

using indirectly irradiated TiO2 films for organic acid photodegradation.
d.

There is limited information about advisable photocatalytic time that allows using

immobilized TiO2 films for microorganism inactivation, preserving juice sensory
attributes.
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Chapter 4

4

Experimental Methods

4.1 Introduction
The first approach of this research was to study the photoconversion of organic
compounds in opaque fluids such as apple juice using the Photo-CREC Water II Reactor
with a TiO2 photocatalyst in suspension.
As the preliminary tests showed, given the high absorption of irradiation in apple juice, a
new PhotoReactor Cell was required to be developed. The new PhotoReactor Cell was
designed at the Chemical Reactor Engineering Centre (CREC Laboratory) along with the
University Machine Services at Western University Canada. The main goal for the new
Photo Reactor Cell was to develop a setup with an immobilized TiO2 catalyst on a
support plate. In this new setup, an external UV-lamp was placed facing the interface
support-TiO2 film. In this way, the TiO2 film receives irradiation before irradiation
reaches the opaque fluid. In order for this reaction to proceed, generated electron-hole
pairs have to migrate to the other face of the quartz slide, where the catalyst film is in
direct contact with the fluid. As a result, the thin films implemented, combined with
back-irradiation in the Reactor Cell provide a beneficial approach for the photocatalytic
degradation of opaque fluids.
The reactor type chosen for these experiments was a batch reactor with the TiO2-film
supported on a quartz surface placed in the bottom of the PhotoReactor Box. Both the
details about the PhotoReactor Cell setup as well as the preparation and characterization
methods of the TiO2-film will be discussed in the upcoming sections of this chapter. In
addition, the various experimental details regarding: (a) the photocatalytic conversion of
malic and malonic acid, (b) the preparation of the reactants water solution used, (c) the
reactor setup and (d) the auxiliary equipment components employed for chemical species
detection, are described in this chapter.
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It is important to emphasize that the rate of photons absorbed by the TiO 2-film during the
photocatalytic conversion of malic acid in water was established via a macroscopic
energy balance described in Chapter 6.

4.2 Reactor Setup for the Preliminaries Experiments with
Apple Juice
The first set of experiments to shed light into transmission irradiation was performed
using the Photo-CREC Water-II Reactor (Figure 4.1). This slurry reactor setup consists
of: (1) a stirred tank, (2) a centrifugal pump, (3) a near UV-lamp or BL-lamp, (4) a Pyrex
glass with 3.58 cm diameter inner tube, (5) a replaceable Pyrex glass with a 5.6 cm
diameter inner tube and (6) fused-silica windows, (7) a StellarNet EPP2000C-25 LT16
Spectrometer and (8) a SpectraWiz Software.
The dimensions of the Photo-CREC Water-II Reactor are described in the Table 4.1:

Figure 4.1: Photo-CREC Water-II Reactor Setup Employed in the Light
Transmission Experiments with Apple Juice
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Table 4.1: Characteristics of the Photo-CREC Water-II Reactor Setup (Slurry
Reactor and UV-Lamp Source)
Component

Parameter

Measurement

Internal radius

1.76 cm

External radius

4.44 cm

height

44.5 cm

Internal Pyrex glass thickness

0.23 cm

Illuminated reactor volume

2.5 L

UV-Lamp

length

41.3 cm

(UVP-XX-15BLB)

radius

1.33 cm

Input power

15 W

Output power

4W

Emission range

320 – 420 nm

Emission rate

1.1910 x 10-5 Einstein.s-1

Slurry Reactor

In this setup, near UV irradiation of commercial apple juice (from concentrated) was
studied and compared with the water spectrum. The significant extent of apple juice
irradiation absorption in TiO2 slurry reactor can be observed. It was the concluded that
TiO2 photocatalyst immobilization was required for effective use of photocatalysis in
apple juice treatment.

4.3 TiO2-film 1.5 wt% Preparation
In order to immobilize the TiO2 catalyst, a thin layer containing a homogeneous coverage
of TiO2 catalyst was prepared. The support chosen for the TiO 2-film was quartz, which
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appears to promote a better TiO2 activity when compared to other supports (Herrmann et
al., 1999; Fernandez et al., 1995).
In the initial step, the quartz surface of thickness 1.62 mm was washed with water,
MICRO laboratory Cleaner (Cole-Parmer Instrument Company) and ethyl alcohol 95%
(Commercial Alcohols Inc.). It was then dried before the coating. Since other more
expensive methods have been proposed in the technical literature (Sumin et. al, 2011,
Danion et al., 2007; Choi et. al, 2006; Song et al., 2001; Herrmann et al., 1999; Herrmann
et al., 1997), a new method for TiO2 film coating was developed.
The proposed method uses a UV-transparent/waterproof glue and a TiO2 Degussa P25
1.5 wt% catalyst in water. This method has the advantage of being relatively simple, fast
and low-cost when compared with other current methods. The glue employed on the
quartz surface was the UV-transparent/waterproof glue LOCTITE® 3321™. The TiO2
1.5wt% solution in water was prepared using TiO2 Degussa P25 (Evonik Degussa
Corporation Lot 4168012498).
The steps to prepare the TiO2-film are as follows:
a.

Spread Loctite Glue homogeneously over the quartz surface;

b.

Let the glue dry partially for 24 hours;

c.

Prepare a TiO2 Degussa P25 1.5 wt% solution;

d.

Spread the catalyst solution over the glue (repeat it three times);

e.

Cure the layer for 1 hour with UV-visible light (radiation at 254 nm).

Figure 4.2 shows the batch PhotoReactor bottom surface coated with a TiO2-film using
the method developed in this study.
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Figure 4.2: Batch Rector of this Study Coated with the TiO2-film 1.5 wt%

4.3.1 Important information about the prepared TiO2-film
The batch PhotoReactor Cell containing the bottom surface coated with TiO 2-film was
kept in storage with minimum UV-visible light exposure. A cooler system composed of a
cooling tank, an outer box and a pump, were the accessories that completed the
PhotoReactor Cell setup. This allowed maintaining the cell temperature in the 105ºC
range during the entire photodegradation experiment. The precautions were followed
according to the Technical Data Sheet of the LOCTITE® 3321™, in order to keep the
physical-chemical properties of the glue.

4.3.2 TiO2-film Characterization
The TiO2-film was characterized using a Hitachi S4500 field emission Scanning Electron
Microscope (FE-SEM) equipped with a Quartz XOne energy dispersive X-ray (EDX)
detector. The TiO2-film coated on quartz surface was analyzed after the surface was
cured with UV-visible light at 254 nm. The SEM and EDX system capabilities are: i)
electron beam voltage of 10.0 kV for the SEM images, ii) magnification of image 500
times, iii) image scale bar of 60 microns.
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4.4 Reactants
Regarding the study of the photoactivity of the TiO2-film prepared in the present
investigation, malic and malonic acids were chosen to perform the photocatalytic
degradation studies. Table 4.2 reports information about these two organic acids as well
as, the data about phosphoric acid, which is the mobile phase used for the HPLC analyses
in this present study.
Table 4.2: Chemical Compounds Used for the Photocatalytic Degradation Studies
Name

Brand

Molar mass (g/mol)

Malic acid

Sigma-Aldrich

134.09

Chemical Structure

Lot 058K0018V

Malonic acid 99%

Sigma-Aldrich

104.06

Batch 04008PC

Phosphoric acid 85%

Fluka Analytical

97.994

Lot BCBD9465

Samples of 10, 20, 30 and 40 ppm of malic acid and malonic acid were prepared in
deionized water, to perform the photodegradation experiments. For the HPLC analysis, a
phosphoric acid 0.1% (v/v) solution was prepared in deionized water and was used as the
mobile phase.
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4.5 Reactor Cell Setup of this Study
Figure 4.3 shows the PhotoReactor Cell setup employed for the photocatalytic
degradation of malic and malonic acid. This PhotoReactor Cell consists of: (i) an external
near UV-light lamp, (ii) an outer box to keep the temperature in the range of 105 ºC,
(iii) a quartz window at the bottom of the outer box, (iv) a TiO2-film 1.5 wt% coated on a
quartz surface, (v) a Batch Photo Reactor, (vi) a Stirrer, (vii) a Cooler Tank and (viii) a
Centrifugal Pump.
The PhotoReactor Cell setup as well as the properties of the near UV-lamp are described
in Figure 4.3. The dimensions of the PhotoReactor cell are described in the Table 4.3:

Figure 4.3: Batch Reactor Setup Employed for the Photocatalytic Degradation of
Malic and Malonic Acid
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Table 4.3: Characteristics of the Reactor Cell Setup of this study (Batch Reactor,
Outer Box, Cooler Tank and UV-Lamp Source)
Component

Parameter

Measurement

length

9 cm

width

9 cm

height

9 cm

volume

200 ml

quartz thickness

0.16 cm

length

11.3 cm

width

11.3 cm

height

11.3 cm

height legs

4.5 cm

volume

5L

speed

250 RPM

UV-Lamp

length

41.3 cm

(UVP-XX-15BLB)

radius

1.33 cm

Input power

15 W

Output power

4W

Emission range

320 – 420 nm

Emission rate

1.1910 x 10-5 Einstein.s-1

Batch Reactor

Outer Box

Cooler Tank Stirrer
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4.6 Photocatalytic Degradation Experiments
Before each photodegradation experiment, the PhotoBatch Reactor was cleaned carefully
with fresh water and rinsed with deionized water to eliminate any chemical species from
previous runs.
Samples of malic and malonic acid at different concentrations (10, 20, 30 and 40 ppm)
were both prepared from a 1000 ppm stock solution using deionized water. The mobile
phase was prepared dissolving 85% phosphoric acid in deionized water to obtain a
solution 0.1 % (v/v).
Before starting the experiments, a sample of each organic acid was taken and analyzed
with the HPLC equipment. Following this, the reactor setup was run for 30 minutes in the
dark and a second sample was taken. This procedure was performed to guarantee that a
malic and malonic acid solution reached the adsorption equilibrium on the TiO2 surface
under “dark conditions” before starting the photocatalytic degradation.
Once the adsorption equilibrium was reached, the lamp was turned on and the
photocatalytic degradation was initiated. At this point, samples were taking every 1 hour
for 15 hours to analyze the change in malic and malonic acid concentrations during the
photocatalytic conversion.

4.7 Detection and Quantification of Malic and Malonic Acid
The detection of malic and malonic acid were performed in a HPLC Shimadzu
prominence LC 20AB, with a column oven CTO-0AC, an autosampler SIL-20AC.HT
and a Diode Array Detector SPD-M20A. The column utilized for the organic acids
measurements was an ion exchange Supelcogel C-610H column 30cm x 7.8mm ID
(59320-U). The method used required the preparation of a calibration curve for malic and
malonic acid and showed a good performance for organic acids detection. The mobile
phase employed was phosphoric acid H3PO4 0.1% (v/v) at a flow rate of 0.5 ml/min. The
temperature of the column oven was controlled to be in the range of 305 ºC, the UV
detection wavelength was set to 210 nm and an injection volume of 50 L for malic and
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malonic acid solution was employed. All the samples analyzed in the HPLC were
previously filtered using a PTFE Mandel 0.2 m filter.

4.8 Radiation Measurements Box Setup
In order to determine the rate of photons absorbed by the TiO2 film to perform the
photocatalytic conversion of malic acid, radiation measurements of the catalyst layer
were effected. A radiation box with the same dimensions of the PhotoReactor Cell was
employed. The measurements were performed using a light detector probe which was
connected to a Spectrometer and a Software called SpectraWiz. The Radiation
measurements setup (Figure 4.4) is composed of: (1) a Radiation box, (2) a near UVlamp, (3) a quartz window, (4) a light detector probe, (5) a Photo Batch Reactor, (6) a
StellarNet EPP2000C-25 LT16 Spectrometer and (7) a SpectraWiz Software.
In this setup, the light was placed at the bottom of the radiation box. Its asymmetrical
position is shown in Figure 4.5 which indicates the radiation profiles for the radiation
emitted, back scattered, transmitted and reflected (Chapter 6).

Figure 4.4: Schematic Representation of the Radiation Measurements of the TiO2film
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Figure 4.5: Measurements Scheme Contemplating the 49 Measurement Positions to
Access the Non-Symmetrical Radiation Profile

4.9 Conclusions
This section reports the methods and equipment used in this present study. Initially, the
methods for the TiO2 preparation and characterization of the thin films are described.
Following this, the PhotoReactor Cell setup using a TiO2-film 1.5 wt% for the
photocatalytic degradation experiments is reviewed together with the various malic and
malonic acid water solutions used in the experiment. Finally, the results obtained with the
Radiation Box setup developed to perform the radiation measurements of the TiO2-film
of the present study are reported.
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Chapter 5

5

Results and Discussion Part I: TiO2-film Catalyst
Preparation, Characterization and Degradation Studies
with Malic and Malonic Acid in Water

5.1 TiO2-film catalyst preparation and characterization
The objective of this first section of the experimental study is to obtain enough
information on photocatalytic reactor design in order to be able to perform photocatalytic
degradation research of organic acids in opaque fluids. In this respect, a preliminary
reactor set-up configuration was adopted for organic acid photoconversion in water
media. Its results provided a good understanding of photocatalytic reactor parameters and
were extremely helpful in the design of a photoreactor cell for opaque fluids.

5.1.1 Absorption Spectra of Water vs. Opaque Fluids
The first attempt to assess the photoconversion of organic acids in opaque fluids was
performed using a commercial apple juice (Allens’ concentrate). The apple juice was
tested using the Photo-CREC Water-II. This reactor unit has been tested in depth and
previously used for photodegradation of organic compounds in water treatment (SalaicesArredondo, 2002; de Lasa et al., 2005; Serrano et al., 2009; Moreira, 2011; among
others).
The Photo-CREC Water-II Reactor is cylindrical slurry reactor composed of seven
windows distributed along the outer reactor surface. The spectra measurements for juice
and water were performed along the positions 1 to 7, with the first and latest showing a
very low value. Figure 5.1 and Figure 5.2 report the spectra at the axial position 4 for
apple juice and water. Measurements were performed on a StellarNet EPP2000C-25
LT16 Spectrometer.
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Figure 5.1: Transmission Spectra for Commercial Allens Apple Juice at Position 4
(Brix: 11.900.1, pH: 3.100.05, Conc. of malic acid: 3.000.1 g/L)
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Figure 5.2: Apple Juice Transmission Spectra vs. Water Transmission Spectra
The apple juice transmission spectrum shows the light intensity distribution along the
wavelength range of 320-420 nm. It can be observed that the maximum intensity is
approximately 0.6 W/cm2 at 380nm. Comparing the apple juice spectrum with the one
for water under the same experimental conditions (see Figure 5.2), one can observe that
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the maximum intensity for the water spectra is 100 times greater (approximately 58
W/cm2 at 370nm) than the one for apple juice. This can be explained due to the fact that
in opaque fluids, such as apple juice, there is a very significant irradiation absorption
limiting transmittance in the near-wall region. Thus, in the case of apple juice,
transmittance is significantly reduced and the amount of irradiation reaching the
photocatalyst decreases considerably. This is the case when compared to the high
transmitted values observed in water.
One can thus, conclude that the use of suspended TiO2 in opaque fluids becomes
impractical because the opacity of the fluid largely prevents light from reaching the
photocatalyst. This reduces the formation of electron-hole pairs, which are the
responsible components for the organic species photoconversion. Thus, to increase the
chances of the photocatalyst receiving as much light as possible, it was necessary to
develop a method to immobilize the photocatalyst in a thin film placed as close as
possible to the UV-light source.

5.1.2 TiO2 Film Preparation and Characterization
Given all of the above described facts, a catalyst layer, using UV-transparent/waterproof
glue, was prepared aiming to increase the efficiency of the photocatalytic degradation of
organic compounds in opaque fluids. The goal of this new setup is that the near UV-light
first reaches the quartz side of the interface quartz-glue-TiO2-film. The holes (h+) formed
on this side of the layer will then migrate to the side which is in contact with the solution
(TiO2-organic acid solution).
Figure 5.3 illustrates the two different mechanisms of electron hole formation using TiO 2
as a catalyst: a) Figure 5.3a shows TiO2 directed irradiated as a photocatalyst in
suspension and b) Figure 5.3b describes the TiO2-film with the catalyst indirectly
irradiated promoting the photoconversion.
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Figure 5.3: Irradiation Paths Showing Formation of holes (h+) Using TiO2 (a) in a
Suspension with TiO2 Directly Irradiated and (b) in a Thin Film with Back Face
Irradiation Only
The TiO2-thin film, prepared with UV-transparent-waterproof glue, was chosen to
perform the photodegradation of malic acid in the present study. The film was prepared
with a layer of TiO2 (1.5 wt%), coated on a quartz slide. The TiO2 film was cured under a
middle UV-light (200 to 300 nm) and analyzed in a Scanning Electron Microscope, SEM
(Figure 5.4).
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The SEM coupled with Energy Dispersive X-ray (EDX) Spectroscopy is an analytical
technique which consists in irradiating the surface with high energy electrons (primary),
having an energy between 0.5 – 30 kV, and producing low energy electrons (secondary)
which are detected. SEM gives information about the topography and morphology of the
sample. These two combine techniques provide the means to acquire information on the
chemical composition of the prepared film with immobilized TiO 2.
The SEM results showed that the film forms a wavy layer with both a thin and a thick
region. Figure 5.5 reports EDX (Energy Dispersive X-Ray) analysis of TiO2 films in
specific regions of the film such as Regions 1 and 2. Region 2 (refer to Figure 5.4)
showed the presence of TiO2 on the film near the surface while region 1 did not show
TiO2.
This wavy thin film characteristic with two different levels of film thickness was
assumed to be the result of glue properties and can be traced to the curing step, where the
film was subjected to one hour of intense irradiation at wavelength 254 nm.

Figure 5.4: SEM of TiO2 Film (500x): Region 1 – Surface with no Catalyst
Coverage; Region 2 – Catalyst Covered Area
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Figure 5.5: EDX Analysis of TiO2 Film – Regions 1 and 2 from Figure 5.4

5.2 Photolysis and Photocatalytic Degradation of Malic Acid
Using TiO2 Films and TiO2 in Suspension
According to the technical literature, there are several methods to identify and quantify
organic acids in water and opaque fluids. One important technique used is HPLC coupled
with an Ion Exchange Column (Chinnici et al., 2005; Mato et al., 2005; Herrmann et al.,
1999; Calull et al., 1992). The photo conversion of malic acid with TiO 2 in suspension, as
well as with TiO2 films, has been extensively investigated by several researcher groups
(Danion et al., 2007; Irawaty et al., 2011; Herrmann et al., 1999). Different malic acid
reaction intermediates, such as tartaric acid, maleic acid, pyruvic acid, malonic acid,
fumaric acid, ethanoic acid, 3-oxopropanoic acid, among others, have been observed.
However, it has been found that the most common intermediate formed during the
photodegradation of malic acid is malonic acid (Irawaty et al., 2011; Franch et al., 2004;
Danion et al., 2007).

5.2.1 Concentration Profile during the Photodegradation of Malic and
Malonic Acid under TiO2 Film
In the present research study, the photo conversion of malic acid and formation of
malonic acid in water are reported. The photocatalytic experiments were performed in a
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batch reactor with the TiO2 film coated on the bottom of the reactor and an external UVlight placed in the opposite side of the catalyst (quartz-catalyst interface). All the
experiments were developed with constant operational parameters, such as: a) light
intensity emission, b) catalyst loading, c) pH for initial concentration (4.00.1) and d)
temperature (153 ºC).
Analyses of malic and malonic acids were effected on an HPLC by using: a) a Supelcogel
C-610H ion exchange column 30cm x 7.8mm, b) phosphoric acid 0.1% as the mobile
phase, c) a pH = 30.1, d) a flow rate of 0.5ml/min, e) a temperature of 35-40ºC and f) a
UV-detection wavelength of 254nm. All the experimental runs were performed three
times in order to ensure experimental reproducibility.
Figure 5.6 reports a HPLC chromatogram obtained during the photoconversion of malic
acid. The first chromatogram represents a 20ppm malic acid sample (peak 1) taken before
the photocatalyst reaction. Chromatogram 2 shows the formation of malonic acid (peak
2) after 2 hours of reaction on the TiO2 film under near UV-light. Formation of other
unknown intermediates can be observed in chromatogram 2. However, only the main
intermediate, malonic acid, will be the object of discussion in this present study.
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Figure 5.6: a) Chromatograms of Malic Acid with 20ppm in Water (Peak 1) and b)
Chromatograms of Malic Acid after 2 hours of Photocatalytic Reaction Time using
a TiO2 Film with Malonic Acid Formation (Peak 2)
The concentration profile for malic acid degradation and malonic acid formation as a
function of time is shown in Figure 5.7. It can be observed that the photo conversion of
malic acid is achieved after 6 hours when the concentration of malonic acid appears to
have a maximum value. The photocatalytic conversion of malonic acid is observed after
15 hours of reaction. The amount of malic acid remained in solution is negligible.
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Figure 5.7: Malic Acid Photodegradation and Malonic Acid Formation Using a TiO2
Film and Near UV-Light
The photoconversion of malic acid was performed during the present study at four
different initial concentrations: 10, 20, 30 and 40 ppm. Consumption of malic acid and
formation of malonic acid as a function of time are shown in Figure 5.8 and Figure 5.9.
As observed in Figure 5.8, the complete photo conversion of malic acid occurs between 5
and 8 hours reaction time with a malic acid concentration range of 10 to 40 ppm.
Figure 5.9 also reports a displacement of the maximum concentration of malonic acid
formed when the initial concentration of malic acid changes from 10 to 40ppm. The
maximum concentration of malonic acid formed is reached after 5 hours (C Mac = 5.50
ppm), 6 hours (CMac = 10.96 ppm), 7 hours (CMac = 16.51 ppm) and 8 hours (CMac = 22.95
ppm), for the malic acid initial concentrations of 10, 20, 30 and 40 ppm, respectively.
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Figure 5.8: Malic Acid Photodegradation Profile for Different Initial
Concentrations: 10, 20, 30 and 40ppm

Figure 5.9: Malonic Acid Photodegradation Profile for Different Initial
Concentrations of: 10, 20, 30 and 40ppm
According to the technical literature (Mukherjee et al., 1999, Chen et al., 2001), one of
the main disadvantages of immobilized catalysts in photocatalytic degradation is their
internal and external mass transfer limitations. These two effects are especially true in
systems with thick photocatalyst films and with low fluid flow rates and internal film
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mass transfer. According to Chen et al., 2001, the optimum thickness of TiO2-film
undirected irradiated (glass slide-catalyst) in order to prevent the mass transfer was
approximately 5 m.
In order to elucidate the effect of mass transfer in the photoconversion of malic acid
using the TiO2 film of this present experiment, the photodegradation of malic acid at 20
ppm was performed using two different mixing speeds, with three repetitions for each
test. Figure 5.10 shows the photodegradation using 20 ppm of malic acid and a stirrer
speed at 125 rpm and 250 rpm. According to these results, there is no considerable
difference in the rate of photoconversion when the mixing speed is changed and it shows
no mass transfer effects in the catalyst layer. This could be explained by the fact that the
TiO2 film is prepared with a very thin layer of glue and catalyst, facilitating the
penetration of UV-light in the layer and that the relatively high fluid circulation in the
cell is estimated at 24 and 47 cm/s, respectively for the two experimental mixing speeds,
in the near film region. This prevents internal mass transfer. Regarding the external mass
transfer effects, they are prevented by promoting in the near catalyst layer a vigorous
mixing during all experiments.
Additionally, one can estimate the effect of mass transfer in the catalyst layer by making
use of the Sherwood number (Sh) and by performing the mass balance between the
catalyst film and bulk solution of malic acid. Thus, comparing the mass transfer
coefficient (km) and kinetic constant (ki), one can understand the effect of both
parameters in the overall rate of malic acid photodegradation (see calculation in
Appendix A). The results showed a k m of 1.604 x 10-3 m/s and ki of 4.45 x 10-6 m/s
(Table 6.2). Since the rate equation for the malic acid photodegradation is proportional to
1/(1/km) and 1/(1/ki), the greater magnitude of k m (1000 times higher when compared to
ki) confirm that the mass transfer can be neglected for the malic acid photoconversion
using the TiO2 film developed in this research study.
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Figure 5.10: A 40ppm Malic Acid Concentration Photodegradation Experiment
Using a TiO2 Film at Two Different Mixing Speeds: 125 rpm and 250 rpm

5.2.2 Photolysis of Malic Acid
When organic compounds are irradiated by a light source, they could be degraded via
photolysis. Researchers have been well aware of this phenomenon for quite a long time
(Zepp et al., 1977; Kormann et al., 1991; Baxendale et al., 1956). Photolysis occurs with
the absorption of light by the organic compound promoting subsequent chemical
reactions.
The influence of photolysis in photodegradation of organic compounds has been studied
in water as well as in opaque fluids. UV-light treatment has been used for opaque fluids
disinfection such as for fruit juice. This has been the case despite the availability of
conventional thermal-treatment methods as discussed before. UV-light treatment has a
special feature given its ability to keep the taste and odor characteristics of fruit juices.
UV-light treatment has also been approved since year 2000 by the American food
organization as a pathogen reducer in juice (US FDA, 21CFR120).
Regarding non-thermal treatment methods for photoconversion of organic compounds,
including UV-light treatment, photocatalysis applying UV-light+TiO2 appears to provide
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a most effective approach for the degradation of organic acids in wastewater. This is the
case when compared to UV-light treatment alone. UV-light+TiO2 use less energetic
photons and as a result limit photolysis.
Despite of this, photolysis can affect the photoconversion. One needs to assess its
influence for each reactor configuration and the TiO2 film. For instance, in the case of
malic acid one should compare the degradation profile with and without the TiO2 film
under the same experimental conditions. Using this data, one can accurately account for
the role of photocatalytic malic acid photoconversion discounting the photolysis effect.
Figure 5.11 reports the change in of malic acid concentration when 20ppm of malic acid
is exposed to near UV-light and when near UV-light is placed under the TiO2-film.
According to these results, the photocatalytic degradation of 20 ppm of malic acid is
achieved after 6 hours, with only 0.8 ppm of malic acid remaining in the solution after the
experiment. On the other hand, the concentration of malic acid during photolysis
decreased by 24%, with 11.5 ppm of malic acid remaining in solution after 6 hours of
experiment. This fact illustrates that using TiO2 film plays an important role in the
photodegradation of malic acid and photolysis may introduce a significant contribution.
However, in the case of the TiO2 film and while assessing the role of, photolysis need to
be carefully accounts all facts. This is the case given that experiments show that
photolysis represents 30% of the total degradation of malic acid for the same irradiation
period. In order to accomplish this, one has to establish a photolysis kinetic model with
the data of Figure 5.11. The photolysis rate equation depends on the radiation intensity (I)
reaching the malic acid solution as shown in the Equation 5.1. Once the photolysis
kinetics is established (section 6.2) one can recalculate the expected concentration change
in the malic acid solution, knowing that only 4% of the irradiation (I’) is transmitted
through the TiO2-film (Table 6.1) and this represents the irradiation intensity involved in
photolysis reaction. Figure 5.12 presents the concentration change in the malic acid
solution considering only 4% of the irradiation emitted (I ’ = 0.04 x I) reaching the film.
(5.1)
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The integration of eq. (5.1) shows revised photolysis results being much smaller than
30%, at about 1% only of the overall conversion. Thus, on this basis the approximate
malic acid photolysis can be neglected from overall photoconversion analysis.

Figure 5.11: Profile for the Photolysis and Photocatalysis Using a TiO2 Film for
Malic Acid 20ppm Under near UV-Light

Figure 5.12: Profile for the Photolysis and Photocatalysis Using a TiO2 Film for
Malic Acid 20ppm Under Near UV-Light Recalculated Using the Kinetic Photolysis
and the Irradiation Profile for the Light Transmitted Through the Film (Table 6.1)
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5.2.3 Concentration Profile during the Photodegradation of Malic and
Malonic Acid under TiO2 in Suspension
As stated before, the use of TiO2 in suspension to perform the photocatalytic degradation
of organic compounds in water has been studied. Its high efficiency for the complete
mineralization of organic compounds to CO2 and H2O has been demonstrated. This
method has proven to be very successful for organic disinfection mainly for water
treatment applications.
However, there are some disadvantages in using TiO2 in suspension, the greater one
being the need of a filtration step to remove almost entirely the photocatalyst at the end of
the irradiation period. Contrary to photocatalysts in suspension, immobilized
photocatalysts do not require filtration step, allowing reducing both cost and time, saving
measure in an industrial scale process. This is particularly valuable if the treated fruit
juice is going to be used for human consumption.
Thus, in order to compare the efficiency of malic acid photo conversion using TiO 2 1.5
wt% films with TiO2 in suspension, some degradation experiments were performed with a
malic acid 20 ppm solution in water. Different concentrations of TiO 2 in suspension were
used (0.01, 0.05, 0.10, 0.15, 0.20 and 0.30 gL-1) to find the optimum catalyst
concentration. Results obtained are reported in Figure 5.13.
It can be observed from this Figure that the photoconversion rate for malic acid
degradation increases with the catalyst concentration until it reaches an optimum catalyst
concentration. After that, any amount of extra photocatalyst added does not change the
rate of photo conversion. In the present experiment, the optimum concentration of TiO 2
in suspension was found to be 0.2 gL-1 (Figure 5.14).
However, even though the malic acid photo degradation rate is higher using fine TiO 2
particles in suspension with particle size range of 20 to 60 nm for TiO2 Degussa P25 (de
Lasa et al., 2005), the cylindrical slurry photocatalytic reactor requires as stated above, a
filtration step. Besides, the application of TiO2 in suspension for photocatalytic
conversion is limited to translucent fluid.
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As well TiO2 films are especially tailored for photocatalytic degradation of organic
compounds in opaque fluids. These TiO2 films, with the active surface being the dark
side of the TiO2 particles as described in Figure 5.3, may also offer effective approaches
to clarify the photocatalytic mechanism and quantum yields due to the mobility of h+
sites.

Figure 5.13: A 20ppm malic acid photodegradation profile for different TiO2
concentrations in suspension: 0.01, 0.05, 0.10, 0.15, 0.20 and 0.30 gL -1

62

Figure 5.14: Rate Equation for malic acid degradation (rmalic acid) for different TiO2
concentrations in suspension (0.01 to 0.5 gL-1). Initial concentration of malic acid:
20ppm

5.3 Conclusions
a.

SEM/EDX spectroscopy analysis of the thin TiO 2-films prepared in the present

study showed a wavy layer with two characteristic regions identified: Region 1 free of
TiO2 particles, and Region 2 loaded with TiO2 particles.
b.

Photodegradation

experiments

using

TiO2 -thin

films

confirm

that

photoconversion is a phenomenon involves mobile electrons holes on the semiconductor
surfaces. This is concluded given that is spite that there is no opportunity for the organic
species in water solution to reach the particle irradiated side, the photoconversion
reaction takes place. Experiments performed at different mixing speeds showed that the
overall photoconversion rate is not affected by mass transfer and that the influence of
transport processes can be neglected on the TiO2-films of this study.
c.

Experimental results show that the photolysis of malic and malonic acid played a

negligible role in the photocatalytic degradation of malic acid and as a consequence in the
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resulting kinetic model. Photocatalytic experiments developed with malic acid prove as
well that malonic acid is a key intermediate in malic acid photoconversion.

64

Chapter 6

6

Results and Discussion Part II: Reactor Irradiation
Studies and Kinetic Modeling of Malic Acid
Photocatalytic Degradation

The main goal of this chapter is to report radiation profiles inside a photoreactor cell and
to establish malic and malonic acid photodegradation kinetics. One should notice that in
the photocatalyst film of the present study, TiO2 surfaces are “non-irradiated” (dark side)
planes of the photocatalyst surface. As such, the proposed experiments provide very
valuable insight into the mechanism of photocatalysis.
A number of researchers (Danion et al., 2007; Song et al., 2001; Sumin et al., 2001;
Herrmann et al., 1999; Herrmann et al., 1997; among others) have considered
photocatalyst films with irradiated surfaces contributing to the organic species
photoconversion. We are not aware of studies allowing the non-irradiated surfaces of the
photocatalyst to be the ones that can photoconvert organic species in water. In this
respect, only moving “h+” sites can justify the results of our experiments.

6.1 Irradiation Measurements of TiO2 Thin Coated Film 1.5
wt%
Irradiation measurements are extremely important to predict the rate of photons absorbed
by the photocatalyst. This variable is crucial for further studies on photocatalytic reactor
designs and scale up. Irradiation analysis includes determining the following variables:
(a) radiation being emitted by the lamp (Pl), (b) radiation reflected (back-scattered) by the
catalyst film (Pbs), and (c) radiation transmitted through the film (Pt).
Salaices-Arredondo, 2002, used a macroscopic balance approach on an annular photoreactor having the photocatalyst in suspension. A similar methodology can be used in the
system of this study in order to determine radiation absorbed by the catalyst (P a), with Pa
being of the utmost importance for calculating reactor efficiencies in the
photodegradation of organic compounds.
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Titanium dioxide is extensively used as a photocatalyst because of its low-cost, thermal
stability and its capacity of promoting complete mineralization of organic compounds
leaving the degraded solution residue-free. Degussa P25 is a very well-known catalyst
applied for the degradation of organic compounds in water. It is composed by
approximately 70-80% of anatase and 20-30% of rutile. Its band gap energy is 3.2eV,
which is equivalent to a wavelength of 388 nm (de Lasa et al., 2005). This large band gap
value implies that all photocatalytic reactions under TiO2 Degussa P25 will occur for
wavelengths below 388 nm. Diverse authors have been discussing radiation
measurements of photoreactors with TiO2 in suspension. However, only a few
researchers have studied the radiation profile in catalyst films. These catalyst films are
usually prepared using thermal treatment methods and they are coated in diverse
materials such as stainless steel, quartz, glass, optical fiber and polymer (Danion et al.,
2007; Herrmann et al., 1999; Herrmann et al., 1997; Song et al., 2001; Choi et al., 2006).
In the present work, a new method for preparation of TiO 2 films applying a UVtransparent/waterproof glue was applied and the Reactor Cell uses an indirectly irradiated
thin film.
Regarding the UV-light source, UV-black lamps (BL) are well-known to promote
photocatalytic reactions. BL-lamps emit UV light for wavelength ranges below 388 nm
and they can be used for photocatalytic reactions using TiO2 Degussa P25. Different light
measurements performed inside the Photo-CREC Water-II, employing three different UV
BL-lamps, were performed. The radiation flux (q, mW/cm2) for all BL lamps was
measured along the axial direction (L, cm). Results from these measurements are
presented in Figure 6.1. Lamp b was found to have the most symmetrical radiation
distribution. Therefore, lamp b is chosen for all the photodegradation experiments in this
study. It can also be observed from Figure 6.1b that radiation emissions in the axial
position, between 10 and 30 cm in length, remain essentially constant. It is in this region
where radiation measurements are more reliable.
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Figure 6.1: Radiation Profile of BL Lamps a, b and c
In our reactor set-up, the lamp is placed below the quartz box, by spacing of 18.5 cm and
27.5 cm below the box, well inside the lamp’s constant radiation emission zone. This
minimizes losses of light that occur at the edges of the lamp. Once lamp b was selected
for the degradation experiments, its spectrum was measured and it is reported in Figure
6.2. This spectrum was measured at 4 cm from the center of the lamp and at 22 cm from
its edge.

Figure 6.2: Emission Spectrum for Lamp b (Wavelength Range of 320-420 nm)
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Another important variable when performing photocatalytic degradation is the lamp
emission power decay after a certain time of usage. It is known that the reactor
performance depends on the lamp operation conditions. It has been demonstrated by
Salaices-Arredondo, 2002, that BL-lamps show asymmetric radiation emission behaviour
after 1000 hours of use. This asymmetrical behaviour, compromises the calculation of
rate of absorption of photos on the TiO2 film. Given all the above, during all the
photodegradation experiments performed in this study, the UV-lamp never transcended
1000 hours of operation; thus lamp emission decay is considered negligible.

6.1.1 Calculation of Pa, Pl, Pbs and Pt
This section shows irradiation measurements performed on the TiO2-film 1.5 wt%
indirectly irradiated with a near UV-light source. The analysis was performed in a batch
reactor over a quartz slide coated with a thin film of TiO2 using Macroscopic Radiation
Balance (MB) (de Lasa et al., 2005).
In order to determine the rate of photons absorbed by the TiO2 film (Pa) one needs to take
in account: (a) the radiation emitted by the lamp source (Pl), (b) the radiation deflected by
the catalyst film (Pbs, back scattered radiation) and (c) the radiation transmitted through
the catalyst film (Pt).
A macroscopic radiation balance allows the calculation of the P a, which is the rate of
radiation absorbed by the TiO2 film. This is done by using the results of: (a) the radiation
emitted by the lamp, (b) the radiation reflected by the catalyst layer (backscattered) and
(c) the radiation transmitted through the catalyst film with the expression shown in
Equation 6.1 (de Lasa et al., 2005):
(6.1)
where Pa (t) is the rate of absorption of photons, Pbs (t) is the rate of backscattered
photons exiting the system, Pt (t) is the rate of transmission of photons, and Pl (t) is the
rate of emission of photons by the lamp, all in Einstein.s -1 units.
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Pl (Equation 6.2) was calculated by using the concept of the follow expression (de Lasa et
al., 2005):
̅

(6.2)

∫ ∫ ∫

where h represents the Planck’s constant (6.626 x 10-34 J.s), c denotes the speed of light
(2.998 x 108 m/s), q,z,,t stands for the radiative flux (W/cm2), r represents the radial
coordinate (m), z denotes the axial coordinate (m) and ̅ stands the average emission
wavelength (nm).
As mentioned before, in the setup of this study, an external near UV-lamp irradiates the
batch through one radial side only. Thus, considering the symmetrical angular emission
by the BL-lamp, the Equation 5.2 can be simplified as Equation 6.3.
̅

(6.3)

∫ ∫

The average wavelength ( ̅) was calculated by integrating the values of Intensity of the
light at each wavelength with an interval of 320-388nm and applying the Weighted Mean
method (see Equation 6.4).
∫

̅

(6.4)

∫

6.1.1.1

Irradiation Spectra for Near UV-Light Emitted, Reflected

and Transmitted
The near UV lamp Intensity (W.cm-2) was measured between 1=320 nm and 2=420
nm along the 81 cm2 area, which represents the quartz surface area covered by the TiO 2film. Radiation measurements were performed using a StellarNet EPP2000C-25 LT16
spectrometer in 49 different positions, divided equally in 7 parts in each X and Y
direction. In this way, it was possible to develop a precise radiation spectrum taking into
consideration the asymmetrical position of the lamp in the photocatalytic reactor. One
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should notice that in the experimental setup, the lamp was placed between the Y positions
2 and 4 along the X axis (see Figure 6.3).
Figure 6.4, Figure 6.5 and Figure 6.6 show the 3D spectra of lamp intensity emitted,
backscattered and transmitted, respectively. These plots show an asymmetrical radiation
profile, with higher values of intensity emitted (see Figure 6.4) in the Y position 3,
between the X positions 3 and 5. For the reflected irradiation (see Figure 6.5), the
radiation profile is considerably constant for the majority of the catalyst films, with a
slightly higher values in the Y position at 5 along the X positions 3 to 5 which, is the area
not directly covered by the lamp. Figure 6.6 also shows that transmitted irradiation
increases at the same positions where the irradiation emitted display maximum values (Y
position 3, between X positions 3 and 5).

Figure 6.3: Measurements Scheme to Assess the Non-Symmetrical Radiation Profile
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Figure 6.4: Pl (t) Spectrum Along the 49 Positions

Figure 6.5: Pbs (t) Spectrum Along the 49 Positions
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Figure 6.6: Pt (t) Spectrum Along the 49 Positions
Regarding the Pa, Pl, Pbs and Pt parameters involved in the radiation macroscopic balance,
all of them were calculated by performing the integration of radiation measured in the 49
positions (Appendix B) and as it will be discussed in the next section.

6.1.1.1.1

Calculation of Lamp Emission (Pl)

An estimated Pl (t) value was established with 49 radiometric measurements. The result
Pl (t) obtained was 4.04 x 1016 photons/s.
Calculation of Pa (t) was performed using Equation 6.1 and the Pbs (t) and Pt (t) data
reported in Figure 6.5 and Figure 6.6 (see Table 6.1).
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Table 6.1: Pl (t), Pbs (t), Pt (t) and Pa (t) Calculated for the TiO2-Film
Rate of Photon, Photons/s

Irradiation, %

Emitted, Pl (t)

4.41E+16

100

Back Scattered, Pbs (t)

1.95E+15

4

Transmitted, Pt (t)

1.75E+15

4

Absorbed, Pa (t)

4.04E+16

92

According to this Table 6.1, it can be concluded that a significant amount of the near UV
radiation is absorbed by the TiO2 film (92%). Comparing the obtained Pa (t) with data
from the literature being Φ = 6.1 x 1016 photons/s absorbed by the TiO2 film (Danion et
al., 2007), it can be observed that the results presented in this study appears to be very
close in magnitude to the value reported for TiO2-coated optical fibers.

6.2 Kinetic Modelling for malic acid and its intermediate
degradation under TiO2-film 1.5 wt%
According to several authors, (Irawaty et al., 2011; Chen et al., 2009; Herrmann et al.,
1999; Herrmann et al., 1997; Fernandez et al., 1995) the kinetics of malic acid
degradation with TiO2 in suspension as well as with TiO2 coated materials (quartz, glass
and stainless steel) fits the Langmuir-Hinshelwood model.
The Langmuir-Hinshelwood approach is very well-known model to describe the catalytic
conversion of chemical species involving adsorption at equilibrium. It has the advantage
of considering not only the model compounds but also its intermediates formed during
the photocatalytic conversion. According to different studies in the technical literature, in
the malic acid photoconversion, more than one intermediate is observed. In the present
study, only the main intermediate, malonic acid, was identified and as a result was the
only one considered in the kinetic modeling.
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6.2.1 Photolysis of Malic and Malonic Acid
Photolysis or homogeneous photoconversion of malic and malonic acid experiments were
performed with a reaction cell having quartz window without TiO2 coating.
Photodegradation of malic and malonic acid were performed under these conditions at
10, 20, 30 and 40 ppm concentrations. Figure 5.12 showed that considering only 4% of
total irradiation participating of the Photolysis, the change in concentration for malic acid
at 20 ppm was only 1% despite the initial estimation of 30%.
Malic and malonic acid photolysis were accounted in our model considering the
degradation of these compounds as following:
(6.5)
where Ci represents the concentration at any the time during the photoconversion, t
denotes the irradiation time and kphotolysis stands for the reaction rate constant. Upon
integration of Equation 6.5, one can obtain the following solution:
(6.6)
With this equation and the experimental data for the photolysis of 10, 20 and 30 ppm of
malic and malonic acid, it is possible to obtain kinetic constants as reported in Table 6.2.
Table 6.2: Kinetic Constants for the Photolysis of Malic and Malonic Acid
Parameter

Compound

Value

kphotolysis(min-1)

Malic Acid

7.727x10-4

kphotolysis(min-1)

Malonic Acid

3.984x10-4

However, if one considers than in an actual photocatalytic experiment only 4% of the
radiation is transmitted to the solution, photolysis can be assessed with Equation (6.7)
and  = 0.04:
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(6.7)

6.2.2 Kinetic Modeling of Malic Acid Photodegradation
Two reaction mechanisms are proposed for the kinetic modeling of malic
photodegradation. Both models will consider malonic acid as an intermediate compound
from malic acid photodegradation. These models are shown in Figure 6.7 and Figure 6.8.
On one hand, Figure 6.7 shows reaction mechanism one, being a “series” reaction
network. On the other hand, Figure 6.8 illustrates a “series-parallel” reaction network
(reaction mechanism two).

Figure 6.7: Reaction Mechanism One – “Series” Mechanism Proposed for the
Photocatalytic Degradation of Malic Acid in TiO2-Film 1.5 wt%

Figure 6.8: Reaction Mechanism Two – “Series-Parallel” Mechanism Proposed for
the Photocatalytic Degradation of Malic Acid in TiO2-Film 1.5 wt%
The proposed mechanisms refer to the concentration profile in Figure 5.8. This Figure 5.8
shows a decrease of malic acid concentration with the time of the reaction being close to
the first order rate law for the first 5 to 9 hours of reaction (10 to 40ppm initial
concentration of malic acid). One can notice that the final malic acid concentration
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reaches almost zero with the formation of malonic acid being observed since the
beginning of the photoconversion. The maximum value of malonic acid concentration is
reached when malic acid concentration is near zero ppm. After that, malonic acid is
converted progressively until its final concentration reaches again values close to zero.
The kinetic modelling for the two reaction mechanisms considers the following
assumptions:
a.

Malic and malonic acids adsorb on the TiO2 film surface where the photocatalytic

reactions take place.
b.

The adsorption phenomenon is assumed to occur at equilibrium with the reaction

rate on the catalytic surface controlling the overall reaction.
c.

The final products CO2 and H2O products formed at the end of the reaction do not

adsorb on the catalyst surface.
d.

Photolysis of malic acid and its intermediates is considered in the modeling,

being accounted for in the L-H kinetics.

6.2.2.1

Langmuir-Hinshelwood Reaction Rate

Following all these considerations, the Langmuir-Hinshelwood equation was applied for
different authors to study the photodegradation of organic compounds under TiO2
photocatalysis (Mehrvar et al., 2000; Salaices et al., 2004; Ortiz-Gomez et al., 2007;
Laoufi et al., 2008; Montoya et al., 2009; Moreira et al., 2012). In the case of this study,
given the asymmetrical radiation profile due to the position of the lamp in the setup, and
the dark spots close to the edges of the reactor, the Langmuir-Hinshelwood equation has
to consider a local volumetric rate of photon absorption (LVRPA) and the rate equation is
given by equation 6.8 (Toepfer et al., 2006):
(6.8)
∑

∑

where i represents the main specie being degraded, “j” denotes each component that
appears in the reaction, n is the number of species participating in the reaction, ri is the
reaction rate (mol.gcatalyst-1.hour-1), kT,i denotes the kinetic constant independent of photon
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absorption, LVRPA stands for the local volumetric rate of photon absorption (W.m-3), m
represents the order of reaction related to VRPA (0.5<m<1), kki denotes the reaction
kinetic constant (mol gcat-1 hour -1), KAi stands for the adsorption constant (mol-1 l), and Ci
represents the species’ concentration (mol.L-1). In this equation, the terms LVRPA and m
were constant in all the experimental runs.
In a photocatalytic reactor operating in a batch mode, as the photoreactor used in this
research, the rate equation for the photoconversion of the “i” specie can be expressed as
Equation 6.9 (de Lasa et al., 2005):
(6.9)

where Wirrad is the mass of TiO2 in the catalyst film (gcat), V is the reactor volume (L), Ni
is the number of moles to be degraded (mol) and t is the reaction time (hour).
Combining the Equations 6.8 and 6.9, the reaction rate for each chemical compound can
be written as:
(6.10)
∑

(6.11)

∑

where
In developing the differential equations for the kinetic modeling presented in this paper,
Equation 6.11 will be used to describe each component in the multi-component reaction
model. An additional term will be added accounting for the effect that photolysis might
have on the degradation of both, malic and malonic acids.

6.2.2.2

Reaction Mechanism One – “Series”

As discussed before (Figure 6.7), the mechanism one is represented as a series reaction
and is shown below as:
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Based on the L-H equations, the photocatalytic degradation of malic acid (MaAc) and
malonic acid (MAc) are given by the following equations:



(6.12)

(6.13)

where k1 and k2 are the reaction rate constants in min-1, C is the concentration in ppm,
MaAc and MAc represent malic and malonic acid respectively. KA is the adsorption
constant in ppm-1 L. The second term in the Equations 6.12 and 6.13 represent the
degradation of malic and malonic acid due to photolysis. According to the radiation
balance measurements, the amount of light transmitted through the TiO 2 film was 4%
(Table 6.1). In this sense, both kinetic constants were multiplied by a factor “” of 0.04.
Regarding the L-H model, malic and malonic acid photoconversion generates a system of
two Ordinary Differential Equations (ODE) with two kinetic and two adsorption
constants (k1, k2, KAMaAc and KAMac, respectively).
The kinetic parameters were calculated with a MATLAB program, applying non-linear
least square fit (lsqcurvefit). This method considers that the adjustment of parameters is
obtained with a minimum value for the sum of the square residuals (difference between
the value fit by the model and the value calculated/observed). Figure 6.9 shows malic and
malonic acid photo conversion obtained experimentally for initial concentrations of 10,
20, 30 and 40 ppm and its correspondent fit model. From the Figure 6.9, it can be
concluded that the model obtained with the mechanism one “series” fits the experimental
data very well yielding a R2 of 0.983.
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Values of the kinetic and adsorption constants for Reaction Mechanism One are shown in
Table 6.3. According to the relatively small values for 95% confidence interval (CI) and
for the standard deviation (STD), it can be concluded that the model proposed predicts
the data obtained very well from the photocatalytic degradation experiments.

Figure 6.9: Experimental and Model One Concentration Profiles for Malic Acid and
Malonic Acid Photocatalytic Conversion at 10, 20, 30 and 40 ppm
Table 6.3: Kinetic Parameters for the Photoconversion of Malic and Malonic Acid
for the Simultaneous Optimization of 10, 20, 30 and 40 ppm for the Reaction
Mechanism One
Parameter

Value

95% CI

STD

k1(min-1)

1.082x10-2

1.680x10-3

4.485x10-4

k2(min-1)

3.047x10-3

4.442x10-4

1.186x10-4

KAMaAc (ppm-1)

1.043x10-1

2.220x10-2

5.927x10-3

KAMAc (ppm-1)

2.859x10-3

6.064x10-4

2.841x10-3
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Table 6.4 reports the cross-correlation coefficients for different parameters obtained in
the modeling Mechanism One or the “In-series” Model, for the photoconversion of malic
and malonic acid. Cross-correlation coefficients are a very useful instrument to predict
the similarity between two independent variables. When cross-correlation coefficients are
near to 1, they suggest that the two variables have a high correlation and that multiple
solutions for kinetic and absorption constants can be obtained. Considering the values
reported in this Table 6.4, it is observed that only the parameters k1 and KAMaAc exhibit
cross-correlation coefficients close to 1 (e.g. 0.93).
Table 6.4: Cross-Correlation Coefficients of the Kinetic Parameters Obtained for
the Photoconversion of Malic and Malonic Acid for the Simultaneous Optimization
of 10, 20, 30 and 40 ppm for the Reaction Mechanism One
k2

KAMaAc

Parameter

k1

k1

1

k2

0.78

1

KAMaAc

0.93

0.62

1

KAMAc

0.58

0.86

0.30

KAMAc

1

Figure 6.10 shows the reconciliation plot combining the experimental results and the
results predicted by the kinetic model using the Mechanism One or “In-series”.
Reconciliation plots provide a good understanding of the reliability of the parameters
obtained. It is known that plots presenting vertical bands show an over-parameterization
of the kinetic model. The presence of horizontal bands in the reconciliation plots may
indicate that the model is somewhat incomplete with at least one parameter missing in the
kinetic model. As observed in Figure 6.10, the experimental and modeled points are
randomly distributed. This confirms a good fit between the experimental and model
values of concentration.
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Figure 6.10: Reconciliation Plot of the Predicted Concentration versus Experimental
Concentration for the 4 Parameters Estimated Using the Reaction Mechanism One

6.2.2.3

Reaction Mechanism Two – “Series-Parallel”

As discussed before (Figure 6.8), the Mechanism Two is represented as:

Based on the L-H equations, the photodegradation of malic acid (MaAc) and malonic
acid (MAc) are given by the following equations:
(6.14)

(6.15)
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where k1, k2 and k3 are the reaction rate constants in min-1, C denotes the concentration in
ppm, KA represents the adsorption constant in ppm-1 L and “” stands for the Photolysis
factor related to the amount of irradiation reaching the malic and malonic acid solution,
which was found to be equal to 0.04.
Figure 6.11 reports the experimental and estimated photocatalytic degradation profiles of
malic and malonic acid using the Model Mechanism Two. Results are presented for
initial concentration of malic acid, with these being 10, 20, 30 and 40 ppm. This model
also show a very good fit between the experimental and model concentration profiles for
malic and malonic acid photodegradation yielding a R2 of 0.988.

Figure 6.11: Experimental and Model Two Concentration Profiles for Malic Acid
and Malonic Acid Photocatalytic Conversion at 10, 20, 30 and 40 ppm
Table 6.5 reports values for the kinetic and adsorption constants involved in Kinetic
Model Two or in a “Series-parallel” model. This table also reports the 95% CI as well as
the standard deviation values. This Model Two presents narrow spans for both, the CI
and STD. Therefore, the proposed mechanism predicts the data obtained very well from
the photocatalytic degradation experiments.
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Table 6.5: Kinetic Parameters for the Photoconversion of Malic and Malonic Acid
for the Simultaneous Optimization of 10, 20, 30 and 40 ppm for the Reaction
Mechanism Two
Parameter

Value

95% CI

STD

k1(min-1)

1.365x10-2

2.285x10-3

6.083x10-4

k2(min-1)

2.429x10-3

3.977x10-4

1.059x10-6

k3(min-1)

2.942x10-3

1.097x10-3

2.920x10-4

KAMaAc (ppm-1 L)

1.758x10-1

4.375x10-2

1.165x10-2

KAMAc (ppm-1 L)

4.109x10-3

6.203x10-4

1.651x10-3

Table 6.6 presents the cross-correlation coefficients for different parameters obtained in
the Modeling Mechanism Two “Series-parallel”. With respect to the cross-correlation
coefficient values, it is observed that the parameters k1 and KAMaAc exhibit crosscorrelation coefficient of 0.98 (near one) and the parameters k3 and KAMaAc exhibited
cross-correlation coefficients of 0.90. Lastly, it is also noticed that there is a relatively
high cross-correlation between k1 and k3 kinetic constants. Therefore, it is concluded that
this model could potentially present uncertainty for both kinetic and adsorption
parameters.
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Table 6.6: Cross-Correlation Coefficients of the Kinetic Parameters Obtained for
the Photoconversion of Malic and Malonic Acid for the Simultaneous Optimization
of 10, 20, 30 and 40 ppm for the Reaction Mechanism Two
k2

k3

KAMaAc

Parameter

k1

k1

1

k2

0.24

1

k3

0.88

0.18

1

KAMaAc

0.98

0.22

0.90

1

KAMAc

0.26

0.06

0.53

0.22

KAMac

1

Figure 6.12 shows the reconciliation plot combining the experimental results and the
results predicted by the kinetic model using the Mechanism Two “Series-parallel”. As
observed in Figure 6.12, there are no vertical or horizontal bands in the reconciliation plot
with the experimental and modeled points randomly distributed confirming a good fit
between the experimental and model values of concentration.
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Figure 6.12: Reconciliation Plot of the Predicted Concentration versus Experimental
Concentration for the 5 Parameters Estimated Using the Mechanism Two

6.2.2.4

Comparison between Kinetic Model One “Series” and

Kinetic Model Two “Series-parallel”
In order to assess the best kinetic model for the photoconversion of malic and malonic
acid under TiO2-film 1.5 wt%, the following analysis comparing the experimental results
with the predicted results obtained applying the Models One and Two were performed
(Table 6.7):
a.

Correlation Coefficient (R2)

b.

95% Confidence Interval (CI) and % Difference CI

c.

Standard Deviation (STD)

d.

Overall Cross-correlation Factor (CCC)

e.

Reconciliation Plot (RP)
Table 6.7: Comparison between Kinetic Model One “Series” and Kinetic Model
Two “Series-Parallel”
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Model One “Series”

Model Two “Series-

Best Model Fit

Parallel”
R2
95% CI
(% diff. CI)
STD
CCC

0.983

0.988

4.442x10-4 – 2.220x10-2 3.977x10-6 – 1.097x10-3
(14 – 21%)

Model Two
Model One

(1 – 37%)

1.196x10-4 – 5.744x10-3 9.881x10-5 – 1.131x10-2
0.93

0.98

0.86

0.90

Model One
Model One

0.88
RP

No Horizontal Bands

No Horizontal Bands

No Vertical Bands

No Vertical Bands

Both Models

Regarding the analysis performed in Table 6.7, both methods showed a very good fit of
the Kinetic Model proposed when compared to the experimental results. As shown in
Table 6.7, from the five analyses performed, three were more favorable when using
Model One; meanwhile, only the correlation factor was found to have a better value when
using Kinetic Model Two. However, more information is needed in order to predict the
best model for the malic and malonic acid photocatalytic degradation.
In order to elucidate what model predicts better the photocatalytic conversion of malic
and malonic acid in water better using the reactor setup of this study, it was necessary to
calculate the concentration of CO2 formed during the experiments. Figure 6.13 shows the
concentration profile of Carbon in ppm, for the CO2 and the Total Organic Carbon (TOC)
calculated during the photocatalytic conversion of 40 ppm of malic acid. According to the
Figure 6.13, the formation of CO2 is observed in the very beginning of the photocatalytic
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reaction. It shows that complete mineralization of malic acid into CO2 and H2O is
observed already at the very early stages of the photocatalytic conversion.
However, one can also notice that the rate of CO2 formation (in ppm of Carbon) is
smaller than the rate of malic acid photoconversion (about 1 mole of CO2/2 moles of
Malic Acid ratio). It shows that Mechanism Two or in “Series-parallel” should better
predict malic acid photocatalytic conversion. This higher reliability of the in “Seriesparallel” overall mechanism was also observed in the photocatalytic degradation of
phenol in water using a cylindrical slurry unit (Moreira, 2011). According to this author,
the Series-parallel mechanism dominates due to a non-uniform OH radical density in the
slurry reactor.
In the reactor setup of this study, however, both axial and radial radiation gradients were
not observed. Hence it is expected that formation of hydroxyl radicals should in principal
be more uniform than in annular photoreactors with suspended TiO2. A uniform density
of hydroxyl radicals promotes a higher probability of applicability of the “In series”
model. However, one cannot fully guarantee such a homogeneous radiation profile along
TiO2 films, and thus the use of an in “Series-parallel” model appears still be required.

Figure 6.13: CO2 and TOC Profile for the Photocatalytic Degradation of Malic Acid
at Initial Concentration of 40 ppm (13.6 ppm of Carbon)
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6.3 Calculation of the Quantum Yield ()
There are different definitions for quantum yields, such as: (a) primary quantum yield
(Cassano et al., 1995 and Davydov et al., 1999), (b) overall quantum yield (Cassano et
al., 1995), (c) apparent quantum yield (Fox and Dulay, 1993; Nimlos et al., 1996;
Sczechowski et al., 1995 and Zhang et al., 1994), (d) minimum apparent quantum yield
(Garcia-Hernandez, 2012) and (e) quantum yield (Peill and Hoffmann, 1995; Valladares
and Bolton, 1993 and Yamazaki-Nishida et al., 1994). For heterogeneous systems, the
calculation of the quantum yield is more complex than for homogeneous systems and
backscattered phenomena needs to be taken in account. As part of the characterization of
the catalyst layer activity, quantum yield calculation appears to be extremely important.
In the present report, the value of quantum yield was determined applying the minimum
apparent quantum yield concept (see Equation 6.16) which consists of the ratio of the
number of molecules of OH radicals converted per second and the number of photons
absorbed by the catalyst film per second.


(6.16)

The value of Pa(t) was calculated using the irradiation profile measured (Figure 6.4,
Figure 6.5 and Figure 6.6) for different concentrations of malic acid (10, 20, 30 and
40ppm). The number of molecules of OH radicals consumed/s (1) was estimated
through the malic acid degradation stoichiometry, considering the two possible
mechanisms proposed: in “Series” and in “Series-parallel” reaction networks.

6.3.1 Quantum Yield () for the Reaction Mechanism One – “Series”
Malic acid photodegradation Mechanism One “Series” occurs with the consumption of 4
molecules of OH radicals in the first step (Equation 6.17) and with the consumption of 8
molecules of OH radicals in the second step forming CO2 and H2O (Equation 6.18).
3 C4H6O5 + 4 OH

4 C3H4O4 + 3 H2O

(6.17)
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1 C3H4O4 + 8 OH

CO2 + 6 H2O

(6.18)

Considering a hypothetical reaction abc CaHbOc + OH. OH.  xyz CxHyOz + H2O H2O,
the number of total molecules of OH radicals consumed/s (1) can be estimated
according to Equation 6.19 (Serrano et al., 2009). The hydroxyl radical consumption (1)
can also be expressed in terms of concentration profile changes (Equation 6.20) and can
be written as a function of kinetic constants and adsorption constants of the malic and
malonic acid (Equation 6.21).
∑

(6.19)

(6.20)
(6.21)

The values of k1, k2, KAMaAc and KAMac for the mechanism model one (Table 6.3) along
with Pa(t) equal 4.04x1016 photons/s (Table 6.1) were employed in the Equation 6.21. The
values of quantum yield () as a function of time for the photocatalytic conversion of
malic acid at 10, 20, 30 and 40 ppm using the Model Mechanism One is shown in the
Figure 6.14.
Figure 6.14 displays the values of  increasing in the beginning of the malic acid
degradation until it reaches a maximum value which coincides with the maximum
concentration of the intermediate formed (malonic acid). According to Figure 6.14, the
maximum quantum yield obtained is 17.4% after 8 hours of malic acid photocatalytic
degradation at 40 ppm.
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Figure 6.14: Quantum Yield () Profile for Malic Acid Photocatalytic Degradation
at 10, 20, 30 and 40 ppm Applying the Kinetic Model One “Series”

6.3.2 Quantum Yield () for the Reaction Mechanism Two – “SeriesParallel”
For the in “Series-parallel” mechanism for malic acid photoconversion, malic acid is
simultaneously converted into malonic acid (Equation 6.17) with subsequent conversion
into CO2 (Equation 6.18). Malic acid can also be directly converted into CO2 (Equation
6.22), with water produced in the two pathways.
1 C4H6O5 + 12 OH

4 CO2 + 9 H2O

(6.22)

Applying the stoichiometry of Equations 6.17, 6.18 and 6.22, and the LangmuirHinshelwood Kinetic model for the Mechanism Two “Series-parallel”, the reaction rate
for the hydroxyl radical consumption (1) can be written as a function of kinetic
constants and adsorption constants of the malic and malonic acid (Equation 6.23).
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(

)

(6.23)

The calculations were performed in the same manner as with Model One. The values of
the quantum yield () as a function of time for the photocatalytic conversion of malic
acid at 10, 20, 30 and 40 ppm employing the Model Mechanism Two are shown in the
Figure 6.15.
Figure 6.15 illustrates that, unlike the Model Mechanism One “Series”, the value of  for
the Series-parallel Model decreases with time for an initial concentration of 10 and 20
ppm of malic acid, showing a maximum  value in the very beginning of the reaction.
For the other concentrations (30 and 40 ppm),  increases in the beginning of the run
until it reaches a maximum value coinciding with the maximum concentration of the
intermediate formed (malonic acid), as observed when using Model Mechanism One. The
maximum value of  is 14.2%, obtained after 9 hours of photocatalytic conversion of
malic acid at 40 ppm.

Figure 6.15: Quantum Yield () Profile for Malic Acid Photocatalytic Degradation
at 10, 20, 30 and 40 ppm Applying the Kinetic Model Two “Series-parallel”
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Quantum yield values as high as 17.4 % (Mechanism One - “Series”) calculated using the
StellarNet EPP2000C-25 LT16 Spectrometer demonstrate that indirect irradiation is able
to promote the photocatalytic degradation of malic acid at various initial concentrations
(10, 20, 30 and 40 ppm). To explain this phenomenon, one can consider that the holes
(h+) formed in the quartz-glue-TiO2 surface (back face) are mobile holes that can migrate
to the opposite side of the TiO2 layer in contact with the malic acid solution. This h+ site
mobility and migration promotes the formation of OH radicals which degrade the malic
acid molecules. When comparing the maximum value of quantum yield obtained for the
photocatalytic conversion of malic acid 20 ppm (series = 9.2 % and series-parallel = 8.6 %)
with the best value reported in the literature,  = 6% (Danion et al., 2007), it can be
concluded that the setup of the present experiment shows excellent photoactivity even
when compared with catalyst surfaces directly irradiated. These data also highlight the
importance of results providing insight into the photoactivity of catalyst surfaces
undirected irradiated. Furthermore, these findings prove that the mobility of electron-hole
pairs on the photocatalyst surface can occur with this being a key for promoting the
photocatalytic conversion of organic compounds using thin films.

6.4 Conclusions
a.

Macroscopic Radiation Balance measurements showed that 92% of the light

emitted is absorbed by the TiO2-film of this study.
b.

A kinetic model for the photocatalytic degradation of Malic and Malonic acid

including the photolysis parameter was predicted using the Langmuir-Hinshelwood
model equation.
c.

Both, Kinetic Model One (in “Series”) and Kinetic Model Two (in “Series-

Parallel”), showed a good fit with the experimental data, yielding R2 of 0.983 and 0.988,
respectively.
d.

Comparing the Kinetic Model Mechanism One (in “Series”) and Kinetic Model

Two (in “Series-Parallel”), it was observed from the concentration profile of CO 2 that the
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Mechanism Two (in “Series-Parallel”) predicts better the photocatalytic conversion of
Malic Acid in water.
e.

Quantum yield () as high as 17.4 and 14.2% for the reaction Mechanism One

“Series” and reaction Mechanism Two “Series-Parallel” were obtained using a TiO2-film
for the photodegradation of 40 ppm of malic acid.
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Chapter 7

7

Conclusions and Recommendations

This Chapter reports the conclusions regarding the results obtained in this Master study
as well as the recommendations for the future work.

7.1 Conclusions
In order to overcome the high irradiation absorption of opaque fluids such as apple juice
and develop a method for the photocatalytic conversion of organic species in these fluids,
a catalyst film was prepared and a new PhotoReactor Cell was designed. The main
contributions of the present study are found below:
a.

A cost-effective thin catalyst film using a UV-transparent/waterproof glue and a

TiO2 1.5 wt% in water was prepared. The SEM/EDX analysis showed the presence of a
photoactive region on the catalyst thin film, characterized by the presence of TiO2
particles.
b.

A new PhotoReactor Cell using the TiO2–film of this study was designed. The

near UV-lamp placed at the bottom of the Batch Reactor allowed the irradiation to reach
the TiO2 film before irradiation reached the opaque fluid. As a result, the thin films
implemented, combined with back-irradiation and electron-hole pair mobility in the
Reactor Cell, provide a beneficial approach for the photocatalytic degradation of opaque
fluids.
c.

Photodegradation experiments under near UV-light using the TiO2 film, of malic

and malonic acid in water at different concentrations (10, 20, 30 and 40 ppm)
demonstrated that malic acid is completely degraded after 5 to 8 hours, depending on the
initial concentration. The minimum concentration of malic acid is reached with maximum
concentrations of malonic acid, showing that malonic acid is the key intermediate in
malic acid photocatalytic degradation.
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d.

Experiments performed at different mixing speeds showed that the influence of

external thin film transport processes as well as the photolysis of malic and malonic acid
can be neglected while, modeling photocatalytic degradation with the TiO2 films of the
present study.
e.

Macroscopic Radiation Balance measurements showed that 92% of the light

emitted is absorbed by the TiO2-film of this study. Quantum yield () as high as 17.4 and
14.2% for the reaction Mechanism One “Series” and Mechanism Two “Series-Parallel”
were obtained using a TiO2-film for the photodegradation of 40 ppm of malic acid.
f.

A kinetic model for the photocatalytic degradation of malic and malonic acid was

predicted using the Langmuir-Hinshelwood model equation for both, Kinetic Model One
“Series” and Two “Series-Parallel. This model showed a good fit with the experimental
data. Statistical analyses in both cases yielded to R2 close to one, small values for 95% CI
and STD and CCC and, a Reconciliation Plot (RP) with experimental and modeled points
which were randomly distributed.
g.

Comparing the Kinetic Model Mechanism One “Series” and Two “Series-

Parallel”, it was observed from the concentration profile of CO2 that the Mechanism Two
“Series-Parallel” predicts better the photocatalytic conversion of malic acid in water.
f.

Preservation of the sensory attributes of apple juice includes adequate

concentration of malic acid in its composition. Thus, photocatalysis can be applied for the
apple juice preservation with near UV irradiation times not surpassing 1 hour. This
exposure time, (Rincon et al., 2003 and Ireland et al., 1993), are efficient to promote the
5-log CFU/ml reduction of E. coli.

7.2 Recommendations for Future Work
Based on the results obtained in this present study, the recommendations for the future
work are as follows:
a.

To perform the photocatalytic degradation of E. coli using the PhotoReactor Cell

of this study and evaluate its concentration after 1 hour of reaction.
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b.

To test other types of UV-transparent/waterproof glues. It was found that the UV-

transparent glue used in the present study is slightly soluble in water after diverse runs.
c.

To further investigate and identify the unknown species likely linked to the UV-

transparent glue as observed via HPLC.
d.

To change the PhotoReactor Cell setup, placing the lamp symmetrically and

repeat the photocatalytic degradations tests. This would be done to compare the results
obtained with those of the present study with the lamp placed asymmetrically.
e.

To perform experiments with apple juice and measure the photocatalytic

degradation of malic acid and E. coli using the new PhotoReactor Cell and thus, evaluate
its application to treat opaque fluids.
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Appendices
Appendix A: Calculation of ki and km
In order to evaluate the effect of the mass transfer in the photocatalytic degradation of
malic acid using the TiO2 film of this study, the following calculations were performed:
a)

A mass balance between bulk solution of malic acid and TiO 2-fim interface

requires the consideration of the following terms:

{

}

{

}

{

}

{

{

}
{

}

(A.1)

}

Considering that convection, and axial mixing or radial mixing, do not play a part in the
photocatalytic conversion in the “batch” cell of this study, Eq. (A.1) can be simplified as
follows:

{

}

{

}

(A.2)
where the km is the mass transfer coefficient in
irradiated in
as

, Airr is the area of the catalyst

, Cb is the concentration of malic acid in the bulk solution expressed

, Ci is the concentration in the near catalyst interface in

kinetic constant for malic acid photoconversion in

, ki is the

.

Thus,
(A.3)
and
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(A.4)
Futhermore,
(A.5)

And finally,
(A.6)

with koverall having the units
b)

.

A mass balance can be performed in the photoconversion cell which operates

as a batch reactor. Thus.
{ |

|

}

(A.7)

with r representing the rate of photoconversion in
surface in

, and

, Airr standing for the irradiated

denoting the incremental time in seconds.

Taking the limit of A.7 for the incremental time approaching zero, the following
equation can be formulated:
{ |

|

}

(A.8)

Considering the definition of the photodegradation rate as in Eq. (A.6), it gives:
(

)

(A.9)
(A.10)

Given that in the case of our experiments: (a) the V volume of malic acid in the batch
reactor is 200 cm3, (b) the Airr irradiated area of TiO2 film is 81 cm2 and (c) k1 from
Table 5.3 gives 1.082 x 10-2 min-1, this results in:
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A km mass transfer coefficient can be calculated using the Sherwood Number.
c)

The Sherwood number (Sh) can be used to determine the mass transfer coefficient

(km). This allows establishing the potential influence of mass transfer in the malic acid
degradation rate using the TiO2 film.
The Sh number is a dimensionless ratio between the coefficient of convective mass
transfer and diffusive mass transfer (Equations A.11 and A.12):
(A.11)
(A.12)
where km is the mass transfer coefficient (m/s), Diff is the mass diffusivity coefficient of
malic acid (m2/s) to be degraded with D as a characteristic length (m).
Given that the conditions of the flow regime in the photocell are uncertain, a Sh number
equal to 2 can be considered. This Sh of 2 will provide the lowest k m value expected in
the photocell. In addition, a characteristic D dimension for TiO2 Degussa P25
agglomerates can be approximated as 1m (de Lasa et al., 2005). The Diff for malic acid
in water can be estimated as 8.06 x 10-6 cm2/s (Teixeira et al., 1994). Thus, the mass
transfer coefficient for malic acid in water can be approximated as 1.604 x 10-3 m/s.
As a result, when using Eq. (A.6), the effect of km on the overall rate of malic acid
degradation can be expressed as koverall as a function of 1/(1/km) + 1/(1/ki). One can thus
see that with km = 1.604 x 10-3 m/s and koverall = 4.45 x 10-6 m/s, the magnitude of k m is
1000 times higher than k overall. Thus 1/koverall >> 1/km and this shows that the mass
transfer has a negligible effect on the malic acid photoconversion using the TiO2 film
developed in this research study.
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Appendix B: Calculation of Pa (t), Pl (t), Pbs (t) and Pt (t) using Macroscopic
Radiation Balance
The values of Pa (t), Pl (t), Pbs (t) and Pt (t) and can be determined performing the
following two calculations:
(B.1)
where Pa (t) represents the rate of absorption of photons, P bs (t) the rate of back scattered
photons exiting the system, Pt (t) the rate of transmission of photons, and Pl (t) the rate of
emission of photons by the lamp, all in Photons/s.
̅

̅

∫ ∫

(B.2)

where h represents the Planck’s constant (6.626 x 10-34 J.s), c the speed of light (2.988 x
108 m/s), ̅ the average (mean) emission wavelength by the lamp (nm) and ITotal the total
irradiation intensity emitted, back scattered or transmitted (W/cm2).
The values of ̅

are calculated as below:

and

a) Calculation of mean wavelength ( ̅):
∫

̅

∫

̅

(B.3)

∫
∫
b) Numerical Integration of Irradiation Intensity (Simpson’s rule):

The values of ITotal/Area were obtained performing the numerical integration of the
irradiation intensity (q,t,z) in 49 different measurement positions as a function of time
between 1 = 320 nm and 2 = 388 nm (Figure B.1).
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Figure B.1: Emission Spectrum for Lamp b (Wavelength Range of 320-420 nm)
Simpson’s Rule (Eq. B.4) was applied in the calculation of the I Total/Area for the light
emitted, back scattered and transmitted:
∫

∑

[

∑

]

(B.4)
The calculations were performed for the light emitted, back scattered and transmitted.
The values obtained were multiplied by the quartz area covered by the TiO 2-film (81
cm2) to achieve the ITotal Emitted, ITotal Back Scattered and ITotal Transmitted:

c) Calculation of Pl (t), Pbs (t) and Pt (t) and Pa (t):
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̅

̅

∫ ∫

J

J

J

J

J

J
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